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 Abstract 
Doped zinc oxide is of interest as a transparent conductive oxide (TCO), due to the 
abundance of its major constituents, its low resistivity, high transparency and wide 
bandgap. The current work focuses on the properties required for TCO applications 
including resistivity of ≤10-3 Ω·cm, carrier density of ≥1020 cm-3, and transparency 
>80% in the visible light. Zirconium (Zr
4+
) was chosen as the dopant in the current 
work due to its abundance, comparable ionic size to Zn and because it can act as a 
double donor providing up to two extra free electrons per ion when substituted for 
Zn
2+
. The doping process can be controlled using atomic layer deposition (ALD), 
with the doped films resulting in an increased conductivity. The films in the current 
work resulted in a minimum resistivity of 1.44×10
-3
 Ω·cm and maximum carrier 
density of 3.81×10
20
 cm
-3
 for films <100 nm thickness, having 4.8 at.% Zr 
concentration. The resistivity was further reduced after reducing the interfacial and 
grain boundary scattering (i.e. increase grain size), by increasing the overall film 
thickness. The resistivity of 7.5×10
-4
 Ω·cm, carrier mobility of 19.6 cm2V‒1s-1 and 
carrier density of 4.2×10
20
 cm
-3
 were measured for a 250 nm thick film with 4.8 at.% 
doping. The tuning of the carrier density via doping offers control over the optical 
gap due to the net effect of Burstein-Moss effect and bandgap renormalisation. This 
resulted to an increase of the optical gap from 3.2 eV for the un-doped ZnO to 
3.5 eV for 4.8 at.% Zr-doped films. The average optical transparency in the 
visible/near IR range was as high as 91% for 4.8 at.% doped films. The thickness 
increase also resulted in a grain orientation shift from perpendicular to the substrate 
(i.e. polar c-plane orientation) to parallel (i.e. non-polar m-plane) due to the strain 
increase that forced the films to grow at a low strain energy direction. This offers the 
possibility of growing non-polarised films that show no piezoelectric field charge 
observed in polar oriented films. Therefore, controlling the grain size through the 
number of ALD cycles can effectively result in mobility and preferred orientation 
control, while the doping concentration controls the resistivity, optical bandgap and 
transparency of the films.  
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Arabic 
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Chapter 1 
Introduction 
 
Zinc oxide is a very popular intrinsically n-type semiconductor due to its low 
toxicity, low price to obtain as it is earth abundant, and also its properties can be 
controlled through doping. It is used in applications such as thin film transistors 
(TFT) 
[1]-[3]
, laser diodes 
[4]-[5]
, light emitting diodes (LEDs) 
[6]-[8]
, transparent 
conductive oxides (TCO) 
[9]-[10]
, dye sensitised solar cells (DSSC) 
[11]-[12]
, etc. 
Applications of TCOs include solar cells 
[13]
, flat panel displays 
[14]
, organic light 
emitting devices (OLED) 
[15]
, etc, which require high conductivity and high 
transparency. For such applications, the use of doped ZnO is preferred rather than 
intrinsic ZnO, as it can be readily doped to degeneracy providing even higher 
conductivity. Degenerate materials behave as metals in terms of conductivity due to 
their high carrier density. However, degenerate materials are avoided in some 
applications such as TFTs, as the material used as the connection between the source 
and the drain parts of the transistor (Figure 1) must have high carrier mobility to 
allow fast switching from on and off, and also low carrier density to allow faster 
switching off. 
The complexity in forming stable p-type ZnO makes it very difficult to manufacture 
p-n homojunctions based LEDs and UV laser diodes, so it is not commercially 
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available yet. Heterojunctions though have been realized using ZnO as the n-type 
layer combined to p-type materials such as Si, GaN, CdTe, etc. 
[16]
.  
Doped zinc oxide used as TCO offers low resistivity (≤10-3 Ω·cm), high 
transparency (>80%) and wide bandgap (3.37 eV 
[17]
). Additionally, it is an attractive 
alternative to indium tin oxide (ITO) that contains earth-scarce indium, due to the 
abundance of zinc and hence low cost of its major constituents. In order to compete 
with ITO, doped ZnO must have resistivity in the order of 10
-4
 Ω·cm [18], 
transparency higher than 85% 
[18]-[20]
, and optical gap higher than 3.1 eV to allow full 
transmission of the visible light.  
 
Figure 1: Schematic of a simple layer arrangement in a) TFT and b) laser diode. 
 
The dopants used to achieve those target values should be shallow donors that 
provide extra ionized electrons to the system. A wide range of different dopants has 
been extensively studied such as B 
[10],[21]
, In 
[22]-[23]
, Co 
[24]
, Zr 
[25]-[26]
, Ge 
[27]
, Hf 
[28]
, 
Sn 
[29]
, while the group-III dopants Al 
[30]-[34]
 and Ga 
[35]-[38]
 are preferred as they lead 
to more conductive and transparent films. Al-doped ZnO (AZO) is reported to have 
Substrate 
Metal 
Source 
Insulator 
Drain 
Gate 
ZnO 
 
 
Junction region 
N-type layer 
P-type layer 
Output laser 
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high conductivity and transparency, although it shows limitations such as lattice 
distortion, it is highly reactive to oxygen causing oxidation 
[39]
. Also, it could be 
placed in interstitial positions due to its small ionic radius 
[40]
, eliminating in that 
way one of the intrinsic donors in ZnO (i.e. interstitial Zn). Ga-doped ZnO (GZO) is 
also a very effective n-type dopant and it is preferred to Al in some devices as it is 
less oxygen reactive and its larger ionic radius minimises the lattice deformations 
[41]
. Both dopants offer three ions to the system, while transition elements could offer 
more. One such donor dopant used for ZnO is zirconium.  
Zirconium was chosen as the dopant in the current work which is focused on the 
development of degenerate doped films in order to improve the properties required 
for TCOs. The dopant selection was based on zirconium abundance, its comparable 
ionic size to zinc, and because it can act as a double donor providing up to two extra 
free electrons per ion when substitutes to Zn
2+
 
[42]
. The close match between the 
ionic size of Zr
4+
 compared to Zn
2+
 
[43]
 (i.e. 0.745 Å for Zr and 0.740 Å for Zn 
[42]
) 
should help minimize the lattice distortion, which is often observed with other 
dopants such as Al 
[29]
. Its large radius favours its placement as substitutional to 
Zn
2+
, avoiding the interstitial positions and thus the reduction of zinc interstitials. An 
additional advantage of using Zr as a dopant is that it does not readily bond with Zn 
atoms, hence is unlikely to form secondary intermetallic phases 
[44]
, proving a stable 
form of doped ZnO. A number of publications report on Zr-doped ZnO deposited by 
spray pyrolysis 
[26],[45]-[47]
, low temperature coprecipitation method 
[48]
, sol-gel 
method 
[28],[49]-[50]
, direct current (DC) magnetron sputtering 
[51]-[54]
, microwave 
irradiation 
[55]
, radio frequency (RF) magnetic sputtering 
[56]-[57]
, pulse laser 
deposition (PLD) 
[58]
, and atomic layer deposition (ALD) 
[25]
. ALD was the method 
used in the current study to produce modulated (delta) doped ZnO during the 
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4 
deposition itself, which is considered an advantageous method for accurate control of 
the carrier concentration, an essential property for efficient TCOs. The self-limiting 
nature of ALD also provides excellent control over film thickness, good uniformity 
and conformality, while the relatively low growth temperature permits the use of 
temperature sensitive substrates such as polymers. 
At the time of writing, only one publication of Zr-doped ZnO is reported using ALD 
[25]
, with questions regarding the doping effects that cause changes in the films‟ 
microstructure, the optical and the electrical properties. Hence, the current study 
attempts to cover most of those aspects using a range of different doped films grown 
by ALD, providing characterisation on how the texture is changing, how the 
electrical properties are affected at low and heavily doping, and finally how the 
optical properties are altered regarding their transparency and photolumisenscence 
(i.e. optical bandgap). In parallel, the effect of different film thickness is covered in 
order to evaluate how the properties of the doped films can be improved.  
In order to evaluate the effect of zirconium doping in zinc oxide films, a literature 
review is first presented in chapter 2, while an overview of the equipment used 
throughout this research is presented in chapter 3. This study‟s experimental 
outcomes are presented in three different chapters divided in the main three property 
categories of microstructural, optical and electrical. The first one (chapter 4) presents 
initially the microstructure changes of the un-doped films using different thickness 
and growth temperatures during the ALD deposition. Those optimum growth 
conditions are the ones selected for depositing the doped films. In the same chapter, 
any changes in texture are shown as the doping concentration alters, in addition to 
the texture changes at different film thicknesses. The results show suppression of the 
grains growth as doping increases, while the thickness of the film results in larger 
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grains. However, the strain induced in the thicker films causes preferred orientation 
shift from c-axis to a-axis, which can be predicted using a graph comparing the 
surface and strain energies in the system (i.e. the dominant force is driving the 
orientation). By establishing the grain growth relation to doping and film thickness, 
the electrical properties are measured and presented in chapter 5. The resistivity 
decreases at low doping levels and high film thickness, while it is increased for the 
heavily doped films. The reason for this increase is allocated to the grain growth 
suppression and the ionised impurity scattering increase that led to the carrier 
mobility reduction. The conductivity of the films was found to be related to their 
transparency as presented in chapter 6, with the most transparent films being the 
most conductive. In the same chapter, the photon emission energies are found to be 
related to the doping concentration as the increased carrier density induces band 
filling effects and so the optical gap is increased. The final chapter (chapter 7) of 
conclusion highlights the main findings in this study and refers to possible future 
work.  
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Chapter 2 
Literature Review 
 
2.1 Properties of Zinc Oxide 
 
Zinc Oxide is a naturally n-type semiconductor, which has been the focus of many 
studies in recent years due to its fundamental properties. ZnO has been the focus of 
significant research, since it has been studied for a century now along with other 
semiconductors after the invention of the transistor 
[19]
. The first X-ray investigation 
by Aborn in 1930 
[59]
, and an analysis of the lattice dimensions of the ZnO hexagonal 
crystal structure by Bunn in 1935 
[60]
, were some of the first thorough studies on 
ZnO. In recent years, interest has grown due to the development of advance 
technological growth techniques that allow controllable doping. Doping is the key 
for the development of controllable and more conductive ZnO, which is the main 
aim in using doped ZnO films for optoelectronic applications such as TCOs. Its wide 
bandgap (3.4 eV) allows light transmission up to UV region, which is preferred in 
many optoelectronic applications, in contrast to GaAs, a very conductive 
semiconductor with narrow bandgap (1.4 eV). Its high exciton binging energy 
(60 meV) also allows higher efficiency in the luminescence of excitons at room 
temperature, which is even higher than GaN (28 meV).  
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2.1.1 Crystal structure  
 
ZnO is a II-VI compound semiconductor 
[61]
, which is formed in three crystal phases. 
In all phases both zinc and oxygen have tetrahedrally oriented bonds, in other words 
each ion is connected to four neighbouring ions. The most stable phase under 
ambient conditions is hexagonal wurtzite, but it can also crystallise in cubic 
zincblende and rocksalt structures 
[62]
. ZnO has high bond polarity and this is 
considered to be the driving force behind the formation of wurtzite crystal structure, 
as the zincblende structure is favoured for lower polarity bonds such as GaAs 
[61]
. 
The formation of ZnO with zincblende crystal structure can only be successful by 
epitaxial growth on cubic substrates such as ZnS and GaAs 
[63]
. The rocksalt 
structure on the other hand, is a metastable cubic phase of the wurtzite hexagonal 
structure formed at pressures higher than 6 GPa and the transition is reversible after 
decompression 
[64]
. It has 17% less volume than the hexagonal phase 
[65]
 and it is an 
unstable cubic structure 
[19]
. 
The high bond polarity of ZnO is the result of the large difference between the 
electronegativity of Zn and O, which is defined as the power of an atom to attract 
electrons 
[66]. This difference in the attraction power creates an ionic energy shown 
by the ionicity level [67], causing the transfer of electrons from the least 
electronegative to the most electronegative atom. The electronegativity of Zn is 1.49 
[68]
 in Pauling‟s scale [66]-[70] and for O is 3.5 [66], leading to the relatively high 
ionicity of 0.6 (i.e. in the Philip‟s scale with range 0-1 [70]). Hence, the main elements 
can be considered to be ionised into Zn
2+
 and O
2-
 with ionic radius of 0.740 Å and 
1.4 Å respectively 
[61]. 
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Figure 2: Hexagonal wurtzite ZnO structure. 
 
A schematic diagram of the wurtzite ZnO structure is shown in Figure 2. The 4-axis 
system illustrated along with the Miller-Bravais indices system can be used to 
identify the polarity of the crystal, the planes and vectors in different directions 
[71]
.  
The polar Zn (i.e. Zn terminated plane) is found in the (0001) plane and O in the 
(000  ̅ ) plane. The most common non-polar planes (i.e. terminated with both 
elements) are the (10 ̅0), (11 ̅0), and (10 ̅1) planes [72]. The planes in the direction 
of the „c‟ constant (vector) are referred to as c-axis oriented (i.e. (0001), (0002), etc), 
and the planes perpendicular to the c-axis are referred as a-axis oriented (i.e. (10 ̅0), 
(10 ̅1), etc). The hexagonal shape of the ZnO crystal indicates that „a‟ and „b‟ lattice 
constants (i.e. vectors in a-axis and b-axis), are equal and ideally symmetrical related 
to c constant by c/a=√   . However, electrostatic forces cause a small distortion of 
the hexagonal symmetry resulting in an actual axis ratio of c/a=1.602 
[61]
. The lattice 
parameters based on the references are a=3.2495Å and c=5.2069Å 
[72]
.  
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2.1.2 Electrical and Optical properties 
 
2.1.2.1 Optical emission background 
 
The transition between two energy states is completed by three possible processes. 
The first is the absorption of radiation by electrons that excite them to a higher 
energy level due to the obtained energy. The stimulated emission is the opposite 
process, in which the electrons at high energy state will be forced by irradiation to 
emit radiation (i.e. photons) in order to fall to a lower state. The third transition is not 
an externally forced process as it occurs without apparent provocation and is called 
spontaneous emission from a high energy state to a lower one by emitting photons 
[73]
. This electron-hole recombination occurring during stimulated and spontaneous 
emissions is either radiative or non-radiative. The radiative recombination releases 
energy as electromagnetic radiation, while the non-radiative recombination releases 
thermal energy rather than radiation, in the form of lattice vibrations (i.e. phonons) 
[74]
. For non-radiative recombination there are several processes such as Auger 
recombination, surface recombination, recombination through defects and phonon 
emissions 
[73]
. The Auger recombination leads to degradation of the emission 
intensity as it causes very rapid non-radiative recombination when the energy of 
recombination is transferred to another carrier and does not lead to photon emission 
[75]
. The carriers with the gained energy are „hot‟ carriers and emit photons at a 
second radiative recombination with high energy 
[73]
. 
There are three possible radiative recombination possibilities; the band-to-band 
recombination, the exciton recombination, and the recombination through impurities‟ 
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states 
[74]
. The band-to-band recombination is the simplest form of electrons 
combined to holes between the conduction band minimum (CBM) and the valence 
band maximum (VBM). This is the fundamental bandgap. The fundamental bandgap 
can be modified by doping through inducing lattice strain, which increases 
(compressive strain) or decreases (tensile strain) the bandgap. The strain causes 
changes in the distribution of the density of states 
[73]
, leading to electron 
rearrangement into higher energy state under compression strain (i.e. increase of the 
energy gap), and reversibly under tensile strain (i.e. lower state and reduced gap).  
Excitons are electron-hole pairs bound together due to Coulomb interaction between 
them (i.e. exciton binding energy). Therefore, if the Coulomb interaction is strong, 
exciton recombination will occur from free-excitons or bound excitons. Free 
excitons are electron-hole pairs created by intrinsic transitions. Their binding energy 
decreases with increased carrier density, due to the reduced Coulomb interaction 
overshadowed by the additional electron-hole pairs. At carrier density equal to the 
Mott density (i.e. the critical value for carrier density when the Fermi level moves 
above the CBM 
[76]
), the Coulomb interaction is weakened and hence the exciton 
binding energy is fixed at higher carrier densities 
[17]
. The Fermi level is the highest 
available energy level at absolute zero temperature (0K), and it can only be occupied 
by two electrons with opposite spins in each state based on Pauli‟s exclusion 
principle 
[73]
. In degenerate materials, the Fermi level is shifted at high energy due to 
the occupancy of energy states by the high number of electrons (i.e. located in the 
CB). 
In ZnO the Mott density is fixed at 4×10
18
 cm
-3
 
[17]
 and is not affected by 
temperature. Therefore, the exciton binding energy in ZnO is fixed at 60 meV, which 
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is higher than the thermal energy gained at room temperature (i.e. 25 meV) allowing 
excitonic transitions. The binding energy is higher than GaN (28 meV 
[77]
), which 
has similar geometry and electronic properties to ZnO. The difference is attributed to 
the near-gap states formed at the CB edge, where ZnO has a larger CB minimum due 
to oxygen sites, while GaN does not 
[77]
. 
Bound excitons are related to extrinsic transitions as they are excitons connected to 
defects and impurities 
[78]
. Hence, the free-exciton recombination has a higher energy 
than the bound excitons, due to the binding energy losses during their binding to the 
impurities or defects. Thus, energy states are created within the bandgap, consisting 
of molecular states for excitons connected to donors or acceptors, or they form 
molecular ion states when they are connected to ionised carriers 
[78]
.  
The impurity transitions occur within the intrinsic and impurity defects states formed 
within the bandgap. With the addition of donor impurities, neutral donor excitons are 
formed at lower energy than the free-excitons, and ionised donor excitons are formed 
at energy lower than the donor energy state below the CB minimum 
[79]
. 
Consequently, any radiative emission within the impurity states or exciton states will 
result in lower energies than the band-to-band transition due to the position of the 
impurity formed energy level, which is always within the bandgap. However, band 
filling effects are formed in degenerate films causing the expansion of the donor 
available states above the CBM, leading to higher energy recombinations than the 
band-to-band transition (Burstein-Moss effect) [80].  
The optical gap is the one observed between the maximum available states. Hence, it 
can be increased by a degenerate band filling effect referred as the Burstein-Moss 
effect 
[80]
. Burstein was the first to observe the gap widening phenomenon, 
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suggesting that the shift of the absorption limit is based on the changes in effective 
mass and not to the impurities added to the material 
[80]
. Thus, by examining the 
Fermi level shifts, the optical energy gap is equal to the energy between the unfilled 
band in the CB and the VB maximum 
[80]
. The optical gap is only equal to the actual 
bandgap when the electron density is lower than the critical value (i.e. not a 
degenerate semiconductor). For degenerate films, the high carrier density fills the 
lower CB levels with electrons leaving only high energy states available, thus the 
optical gap is larger than the bandgap.  
Wolff established that degenerate films exhibit many-body perturbation 
[81]
. The 
many-body effect is caused by the carriers scattering against ionised impurities, 
leading to bandgap renormalisation (narrowing) 
[82]
.This was confirmed later by 
Roth et al., who suggested that above the critical value for carrier density (Mott 
critical level) when the Fermi level is above the CBM, the optical gap is not only 
shifting due to BM effect, but the bandgap simultaneously narrows (BGN) 
[83]
.  
 
Figure 3: Schematic of the band structure during different carrier filling possibilities 
in the CB. 
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Figure 3 illustrates the initial state of the CB minimum without carriers (high 
energy), the reduction of the CB minimum as carriers are increased (renormalized), 
and the broadening of the CB when the carrier density reaches degeneracy. It has to 
be noted that the optical bandgap measured by photon emission (e.g. 
photoluminescence) is smaller compared to the optical bandgap measured by the 
absorption (e.g. spectrophotometer). This is due to the energy difference between the 
excitation state (absorption) and the relaxation state (emission) referred as Stokes 
shift. 
 
2.1.2.2 ZnO bandgap 
 
ZnO is a direct wide gap semiconductor with bandgap of 3.437 eV at 4.2 K 
[80]
 for 
the wurtzite crystal structure. However, as temperature increases the bulk bandgap 
red-shifts to a lower energy, which is 3.37 eV (λ=368 nm) at room temperature [85]. 
The bandgap of ZnO is within the near-UV region (300-400 nm) as shown in Figure 
4, hence it allows light of higher wavelength to be transmitted through, making it 
highly transparent in visible/near infrared region.  
 
 
Figure 4: Solar spectrum diagram 
[86]
. 
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The gap can be engineered and controlled via doping in order to achieve higher or 
lower values. An increased gap can be achieved by doping ZnO with MgO, which 
has a very large bandgap of 8.4 eV (λ=148 nm), and can result in an enlarged doped 
ZnO bandgap of up to 3.87 eV (λ=320 nm) [87]. On the other hand, by doping with 
CdO, which has a bandgap of 2.5 eV (λ=496 nm), the ZnO bandgap can be reduced 
down to 3.04 eV (λ=408 nm) [88].  
 
2.1.2.3 ZnO stimulated emission  
 
Stimulated emission involves exciton transitions and electron-hole plasma 
recombinations, as shown in Table 1 and Figure 5 for ZnO emissions using 
photoluminescence (PL). The dominant PL emission is presented at 3.26 eV 
(λ=380 nm) corresponding to the optical bandgap [99]-[100], and it is usually referred as 
the near-band-edge (NBE) emission. The value expands in a range of 3.21-3.24 eV 
for ALD fabricated ZnO films as the emissions occurs between band tail states 
[101]
. 
The NBE expresses the recombination of free excitons between the VB maximum (O 
2p orbital) and the CB minimum (Zn 4s orbital) 
[102]
, consisting of negatively 
charged carriers (O
2-
) and positively charged carriers (Zn
2+
) respectively. With the 
addition of Zr atoms, a defect level (donor) will be created above the CB minimum, 
corresponding to Zr 3d orbital 
[42]
. This is due to the shallower 3d orbital energy of 
Zr compared to Zn 4s 
[42]
. As a result, the Fermi level is expected to move higher in 
the CB with Zr doping, causing higher NBE energy.  
Low temperature PL measurements reveal emissions such as donor acceptor pairs 
(DAP) 
[73]
, bound excitons (BE)
 [17]
, and donor-excitons (D
0
X) 
[109]
. At high 
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excitation intensity the emissions are usually due to electron-hole plasma at 3.15 eV 
(λ=394 nm) [106], which may cause amplified spontaneous emissions at 3.26 eV [113]. 
Further discussion on the stimulated emissions of ZnO is carried out in chapter 6. 
 
Figure 5: Schematic of the defects states in ZnO within the bandgap. 
 
Table 1: Emission energies for different pairs based on literature.  
Emission Transition Energy (eV) 
NBE CBMVBM 3.21 [101] – 3.26 [99]-[100], (3.29 [104])  
VO 
VO VZn
0
 1.85-2.0                                
[99],[101],[104]
 
VOVBM 2.23-2.35                              
[99], [105]
 
Oi Oi VBM 2.15-2.25                              
[99], [101]
 
Zni
+
 
Zni
+     VZn
0 
2.58-2.65                              
[99]
 
Zni
+VBM 2.62                                      [99] 
VZn
2-
 VZn
2- VBM 2.76                                      [99] 
VZn
0
 CBM VZn
0
 3.02-3.14                              
[99], [101]
 
EHP EHP (HI)
1 
3.12-3.16                              
[106]-[107]
 
E-E, E-el, E-(LO) Excitons (RT)
2 
3.18, 3.2, 3.26                     
[100], [106],[108]
 
DAP Excitons (LT)
3 
3.22                                      
[73]
 
(D
0
X) Excitons (LT) 3.28-3.33                             
[109]
 
BE Excitons (LT) 3.28-3.35                             
 [17]
 
(e, A
0
) Excitons (LT) 3.31                                     
 [110]
 
FE Excitons (RT) 3.26, 3.31                             
[100],[107]
 
BSF (LT) 3.32                                      
[111]
 
Deep BE (Y) Excitons (LT) 3.33-3.35                              
[109]
 
(A
0
X) Excitons (LT) 3.33-3.36                              
[109]
 
(D
+
X) Excitons (LT) 3.36-3.375                            
[109]
 
FE Excitons (LT) 3.38                                      
[109]
 
 
1
 Measurement under high excitation intensity 
2
 Measurements under room temperature 
3
 Measurements under low temperature 
 CB 
VB 
VZn
2- Zni
+- 
VO
  
VZn
0 
Oi 
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2.1.2.4 ZnO defects 
 
As an intrinsically n-type semiconductor, ZnO is extremely difficult to convert into 
p-type by adding impurities (acceptors) mainly due to the large acceptor activation 
energies and the existence of hydrogen impurities acting as shallow donors, found in 
all films once exposed to atmosphere 
[73]
. According to Van de Walle, in ZnO H
+
 
(donor) has lower formation energy than H
0
 (neutral) and H
-
 (acceptor) in any Fermi 
level position, indicating that hydrogen always acts as a shallow donor and 
contributes to the n-type behaviour (i.e. increased conductivity) 
[89]
. However, this 
concept is still in dispute since the conductivity of claimed H-free ZnO samples was 
still measured at very high values 
[90]
.  
The n-type behaviour is also attributed to the intrinsic defects of oxygen vacancies 
and interstitial zinc atoms, which act as donors 
[65],[72]
. Oxygen vacancies are the 
most populated defects due to their low formation energy 
[91]
 and are believed to be 
deep donors, while Zn interstitial defects act as shallow donors 
[92]
. The concept of 
oxygen vacancies acting as donors was in fact referred as one of the difficulties for 
achieving p-type, and hence the aim was to use dopants substituting the vacancies 
and reduce their concentration 
[92]-[93]
. However, in recent years the theory that 
oxygen vacancies drive the n-type behaviour is less accepted as it was shown that 
when the Fermi energy is near the conduction band minimum, the oxygen vacancies 
have neutral charge, hence acting as deep donors 
[85]
. On the other hand, zinc 
interstitials have low ionisation energy 
[94]
 thus act as shallow donors, but are not 
stable at room temperature. Their stability as shallow donors was reported as Zn 
interstitials formed complexes with nitrogen impurities 
[95]
. Due to the instability of 
zinc interstitials at room temperature conditions (resistivity measurements) and the 
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doubts over their effect in unintentional n-type conductivity 
[85]
, it is believed that the 
room temperature resistivity measurements in the current study will not be affected 
by those defects.  
Zn vacancies are considered as acceptors, and are used to reduce conductivity by 
favouring their formation through the reduction of OH bonds 
[96]
. Their low 
formation energy for n-type materials (i.e. decreases as Fermi level increased) allows 
them to exist in highly n-type materials 
[85]
. Additionally, zinc vacancies are 
considered as deep level acceptors and so are responsible for electron trapping 
effects at high irradiation (i.e. high irradiation induced defect production in zinc sub-
lattice 
[97]
). As a result, the formation of neutral defects in degenerate materials can 
be attributed to the high concentration of zinc vacancies. 
 
2.2 Applications of ZnO 
 
ZnO offers the possibility for engineering bandgap, tuning its n-type character of 
ZnO, and even trying to succeed stable p-type behaviour to achieve homogeneous p-
n junctions. Those are the main aspects of researching possible applications of ZnO 
in thin films and 3D nanostructures, as reviewed in this section.  
The piezoelectric properties of ZnO are due to the strong bond polarity 
[61]
, which is 
applied in surface acoustic wave (SAW) transducer used in radar and 
telecommunications 
[114]
. They operate when an insulating wave travels across the 
ZnO surface at the acoustic velocity and then is detected at the end of the film 
[19]
.  
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Other applications include ZnO piezoelectric sensors, such as thin film pressure 
transducers by using Micro-Electro-Mechanical Systems (MEMS) technology 
[115]
, 
strain sensors for measuring displacement, force, torque, or even as flexible strain 
sensors made by ZnO nanostructure in a paper matrix 
[116]-[118]
.   
ZnO is also studied for varistors, which are variable resistors sensitive to voltage 
change, and are usually used as solid state switches for devices in the case of 
excessive voltage supply 
[19],[61]
. Varistors show non-linear current-voltage 
performance, with highly ohmic (i.e. resistive) behaviour at relatively low current 
and voltage (i.e. linearly depended) 
[119]
. This characteristic can be found in SrTiO3, 
TiO2, SnO2, ZnO, etc. 
[119]
. ZnO varistors were first developed in early 1970s by 
Matsuoka et al. 
[120]
, and the physical and electrical properties of conductive ZnO 
grains used in varistors are best known by study 
[121]
.  
The direct wide bandgap of ZnO led to research over LEDs, photodetectors, 
photoconductive detectors and diode lasers applications 
[122]
. The advantage of ZnO 
to other wide bandgap semiconductors is the large exciton-binding energy of 60 meV 
[122]
 providing thermal stability at room temperature (i.e. thermal energy 25 meV 
[112]
). In more detail, excitons do not have enough energy to travel in any state other 
than the bound electron-hole state with the thermal energy gained at room 
temperature, and so the excitons are restricted at a narrow energy range allowing the 
construction of devices with more discrete energy states such as UV lasers. The 
exciton binding energy can be also tuned according to a study that changes the width 
of Quantum Wells (QW), indicating increased values of up to 115 meV 
[11]
.  
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2.2.1 LED 
 
LED technology has rapidly developed due to the low power consumption and hence 
the environmentally friendly performance 
[123]
. An example of their efficiency is 
their use as the replacement for liquid crystal display (LCD) technology for panel 
displays 
[19]
. Diodes use p-n junctions with the most common pairs of 
heterojunctions using n-type ZnO and a p-type semiconductor such as Si, GaN, 
AlGaN, NiO, Cu2O, SiC, and GaAs 
[16]
. Additionally, engineering bandgap can be 
applied and develop heterostructured color-tunable LEDs by doping ZnO, using 
dopants such as Cu 
[6]
, Ga 
[7]
, and Er 
[8]
. There have been reports of homojunctions 
by using nitrogen doped p-type ZnO 
[124]-[126]
 and arsenic doped p-type ZnO 
[127]
. 
 
2.2.2 UV photodetectors 
 
UV photodetectors are also widely used devices using the photoconductivity 
property of ZnO. ZnO is very sensitive to UV light exposure, which makes it 
suitable of having 0-1 states by detecting whether UV light is present or not 
[128] (i.e. 
1 state indicates the illumination of UV light, and 0 its absence). The light effect on 
the ZnO surface can be used on different approaches such as a switch in 
photodetectors 
[128],[129] and for thin film transistors (TFT) 
[1],[129],[130]. Another 
approach is the use of high aspect ratio structures (e.g. nanowires) in order to 
increase the surface detecting the light and therefore reduce the time response, 
resulting in higher device efficiency 
[131]
.  
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2.2.3 Metal-Insulator-Semiconductor 
 
Metal-insulator-semiconductor (MIS) is a structure that can be formed by 
homogeneous ZnO layers as it does not require the use of p-type layers 
[16]
. This is 
due to the use of n-type layers and insulating layers (Figure 6) formed by bandgap 
engineering via doping. Doped ZnO was easily used as the n-type layer in 
heterojunctions, with insulation layers such as SiO2 for producing MIS photodetector 
[132]
. However, heterojunctions showed that the two layers interfere with each other 
and resulted to leakage 
[133]
. Therefore, homostructural MIS was proposed with P-
doped ZnO as the insulation layer for the development of high voltage MIS diode 
[133]
. Post-metal deposition annealing at 250°C was reported to enhance the 
heterojunctions performance 
[134]
. 
 
  
Figure 6: Schematic of the a) MIS and b) MSM material layers. 
 
A similar structure developed before MIS is the Metal-semiconductor-metal (MSM), 
which does not include an insulation layer (Figure 6). The junction had low 
efficiency in photodetectors due to the low photocurrent 
[135]
. Therefore, it was 
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proven that the most effective improvement was the inclusion of an insulator layer in 
the middle, which led to the development of the more efficient MIS 
[132], [136]
.   
 
2.2.4 Solar cells 
 
Considerable interest in solar cells (SC) resulted in applying ZnO in a number of 
studies. High charge carrier mobility, wide bandgap and the possibility to create 3D 
nanostructures for higher efficiency are a few of ZnO properties which qualify for 
SC development 
[137]
.  
Of great interest are the vertically-aligned ZnO nanostructures that can be used to 
enhance the SCs efficiency by their large surface. However, based on a review study 
[138]
, the synthesis techniques (e.g. hydrothermal method, MOCVD, CVD) have not 
yet perfectly establish reproducibility of the alignment due to the high sensitivity of 
the synthesis conditions. A different approach is the use of ZnO nanoparticles, which 
were first applied to hybrid SCs by Beek et al. in 2004, with impressive ultra-fast 
charge transfer during excitation of the electrons, which resulted in highly efficient 
SC 
[139]
. 
ZnO has also been applied to Grätzel-type SCs 
[12],[140]-[141]
, called dye sensitised 
solar cells (DSSC), which in 1991 came as an alternative and economical solution to 
single Si crystal SCs 
[142]
. The device required an n-type semiconductor, which 
produced current after the photons were absorbed by the covering dye, exciting 
electrons that were then injected to its conduction band 
[142]
. Furthermore, nanowires 
were combined to quantum dot sensitized solar cells (QDSSC), were quantum dots 
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(QD) came as a replacement to the dye by having the flexibility to provide different 
energy gaps by changing the dots size, and therefore capture a wider range of 
photons 
[143]
.  
The reduction in typical SC cost led to the development of thin film solar cells, 
which use transparent conductive oxides (TCO) as electrodes 
[13]
. ZnO is a perfect 
candidate for the applied oxide, however doping is necessary due to the high 
conductivity requirements for better efficiency 
[72]
. The results of Al doping for 
example gave a very efficient SC and were the start of further development 
[13]
.  
 
2.2.5 TCOs 
 
Transparent conductive oxides (TCOs) are oxides that conduct electricity as metals 
and simultaneously are highly transparent due to their wide bandgap. Their use 
started in 1907 with the first thin film TCO of cadmium oxide produced by Badeker 
[144]
. TCOs are used as transparent electrodes using n-type and even p-type 
semiconductors of either polycrystalline, amorphous or single crystals, targeting the 
minimum resistivity and the maximum transparency in the visible range. The most 
common applications are as electrodes in optoelectronic devices (e.g. photovoltaics), 
and also as low emissivity coatings used in IR-efficient architectural window 
applications 
[39]
. The heat efficient windows consist of TCOs (e.g. tin oxide) that 
reflect the light in the infrared range, and visible transparency is of much higher 
importance than low resistivity 
[144]
. On the other hand, for optoelectronic devices the 
requirements for n-type TCOs focus on the high carrier density in the order of 
10
20
 cm
-3
 or higher, resistivity in order 10
-3
 Ω·cm or lower, and wide optical gap of 
Chapter 2                                                                                                                   Literature Review 
 
 
23 
3.1 eV or higher in order to allow transparency higher than 80% in the range 400-
700 nm 
[35],[145]
. In order to achieve such high carrier densities and therefore low 
resistivity, the material must be doped to degeneracy so that the Fermi level moves 
into the conduction band. Based on the high transparency and low resistivity, the 
performance of TCOs is measured by the figure of merit proposed by Haacke 
[146]
 
(see relation in section 6.2.1). The use of p-type TCOs aims the fabrication of fully 
transparent devices such as metal-oxide-semiconductor (MOS), using materials such 
as NiO, CuInO2, and CuMO2 
[15]
. 
The carrier density also influences the transparency range. The transparency range 
expands from the bandgap wavelength of the material to the plasma edge, which is 
the point that the material starts to absorb the light. This wavelength is defined by 
the plasma frequency, which is the frequency that the charge oscillates depending on 
the carrier density and the effective mass. The plasma edge has to be in higher 
wavelength than the short wave IR region (i.e. λ>1400 nm) in order to avoid having 
a narrow transmission range. This requires control over the optical properties as the 
plasma edge is shifted to lower wavelength when the carrier density is very high. 
Thus, doping to degeneracy is typically used to control the transparency range by 
expanding or reducing the plasma edge, and by widening the optical gap through the 
Burstein-Moss effect.  
The films grown at high temperatures have low thermal stability, as the surfaces of 
the substrates and the films could be easily damaged 
[147]
. The selection of the 
temperature also limits the use of polymer substrates for applications such as 
photovoltaics (PV) and thin film transistors 
[148]
. This is the reason of developing 
amorphous films in recent years that can be grown at low temperatures, including 
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room temperature deposition 
[148]
. Amorphous TCOs offer high mobility as the 
absent of grain boundaries allows less carrier scattering in comparison to the 
crystalline films. However, lower resistivity is still recorded for crystalline films 
grown at temperatures higher than 200°C 
[39]
 (e.g. indium oxide crystallises at 150°C 
[144]
). Nevertheless, crystalline materials are not selected for applications requiring 
low temperature deposition, such as Si-based SCs 
[39]
, and thus amorphous films are 
preferred (e.g. amorphous indium doped ZnO).  
The most universally used n-type materials are indium tin oxide (ITO), fluorine tin 
oxide (FTO), and n-type doped ZnO. ITO is the most common TCO used 
commercially, manufactured using scale-up DC magnetron sputtering system 
[144]
, 
applied in solar cells, heat-reflecting mirrors, antireflection coating, gas sensors and 
flat panel displays 
[147]
. It is widely used as it offers the best performance in terms of 
low resistivity (i.e. ~10
-4
 Ω·cm) and high transparency (i.e. >90%), it has a wide 
bandgap (i.e. 3.5-4.3 eV 
[147]
), it is environmentally stable with reproducible 
properties, and has good surface morphology 
[144]
. The high carrier density of 
~10
21
 cm
-3
 is attributed to the oxygen vacancies and substitutional tin dopants 
[147]
. 
However, indium is an earth-scarce element and so the fabrication of ITO is 
expensive. An alternative TCO is the FTO, which consists of inexpensive raw 
materials and it can be easily deposited using chemical methods that have low cost 
[39]
. It is used commercially as window coating for low emissivity glasses, but it is 
not preferred for PV applications as it requires high processed temperatures (i.e. 
450°C) that limit the use of different substrates 
[39]
. Another alternative developed in 
recent year to replace ITO, is doped ZnO, often using Al and Ga dopants. Doped 
ZnO is preferred as it can be grown at low temperatures, its major constituents are 
earth abundant elements thus the production cost is low, it is non-toxic, and it can be 
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readily grown into 3D nanostructures such as nanowires that could enhance the PV 
performance. For the replacement of ITO, the transparency has to be higher than 
85% 
[15],[18],[20],[149]
,  and resistivity in the order of 10
-4
 Ω·cm [18]. The doped ZnO is 
preferred over the intrinsic ZnO as it offers better stability and better control over its 
properties (i.e. instability at high temperatures and undetermined n-type conductivity 
origin for the un-doped ZnO).  
 
Figure 7: Schematic of a typical thin PV structure. 
 
For photovoltaic applications (Figure 7), TCOs are used as the n-type conductor 
(electrode) and must be chosen to have band alignment to the absorber by controlling 
the work function of TCO 
[150]
. This requires a higher Fermi level for the TCO to 
match the absorber‟s Fermi level in order to help the electrons transfer from the first 
to the latter one. On the other hand, the difference between the two VBs has to be as 
large as possible in order to avoid the transfer of holes from the absorber to the 
conductor 
[151]
. The most commonly used absorber is CdS with bulk bandgap 2.4 eV 
[152]
, which has 1.4 eV difference with the VB of ZnO 
[150]
. The VB is fixed for ZnO 
but the optical gap can be wider by degenerate doping (i.e. Fermi shift). As a result, 
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the high carrier density could enhance the performance for PVs applications, by 
improving the Fermi level alignment for ZnO and CdS. 
 
2.3 Growth techniques  
  
The intense research activity focused on ZnO, has involved a variety of growth 
techniques such as screen printing, thermal oxidation of the films, spray pyrolysis, 
sol gel synthesis, magnetron sputtering, chemical vapour deposition (CVD), metal-
organic CVD (MOCVD), molecular-beam epitaxy (MBE), pulse-laser deposition 
(PLD), atomic layer deposition (ALD), etc 
[72]
. A few of those techniques are 
reviewed in the following sections. 
 
2.3.1 CVD 
 
Chemical vapour deposition (CVD) is a vapour reaction technique, which takes place 
on the substrate surface and forms the layer when precursors‟ doses are introduce to 
the chamber reacting or decomposing close to the substrate‟s surface [137]. The most 
common types of CVD are the low pressure CVD (LPCVD) and plasma enhanced 
CVD (PECVD) 
[153]
 forming nanostructures such as thin films, nanowires, nanorods 
and nanocombs. For the nanostructures, it was reported that adjusting the growth rate 
of the CVD process could control the diameter of highly oriented ZnO nanorods 
[154]
.   
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Metal-organic CVD (MOCVD) is another form of CVD process, which uses metal-
organic precursors to achieve the surface reaction that forms the film or 3D 
nanostructure (e.g. nanowires) 
[137]
. As a process for high-quality films deposition, it 
is used in industrial mass production 
[155]
.  
 
2.3.2 Magnetron Sputtering 
 
Magnetron sputtering has been widely used method of industrial coatings for many 
years, and it has been used to produce wear-resistant coatings, corrosion resistance 
coatings and coatings for enhancing the electrical and optical properties 
[156]
. The 
process consists of plasma-generated energetic ions bombarding a target plate 
forcing the plate‟s atoms to be removed (i.e. sputtering) and then be condensed on 
the substrate creating the thin film 
[156]
. By this process the target material and the 
distance to the substrate can play a significant role on the film properties. There are 
two main types of magnetron sputtering, the direct current (DC) driven by a constant 
voltage usually applied when the target is a conductor, and the radio frequency (RF) 
using an alternative current frequency that prevents the current built up in the case of 
insulator targets. Hence, usually for doping, the RF method is used to allow a wider 
range of target materials. The disadvantages of magnetron sputtering using either 
source type are mainly the low deposition rates, inability to precisely control the 
growth temperature 
[157]
 and the overheating of the substrate (i.e. not feasible of 
using low temperature melting substrates) 
[156]
.   
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2.3.3 MBE 
 
Molecular-beam epitaxy (MBE) is a highly controllable technique at the atomic-
layer scale, offering precise control over composition using reflection high energy 
electron diffraction (RHEED) that precisely monitors the growth during deposition. 
MBE operates under ultra-high vacuum (UHV), where the material sublimated or 
evaporated from the heated effusion cells forms a molecular beam of atoms that 
travels through the vacuum and grows a film as the atoms impinge on the heated 
substrate. For the deposition of nitrides or oxides, the gases can be activated using 
electron cyclotron resonance (ECR) plasma source. The amount of material 
deposited is controlled via shutters at the opening of the effusion cells. The growth 
temperature is relatively high at 450-750°C for ZnO 
[106]
, but can be exploited to 
deposit single crystal epitaxial films. 
 
2.3.4 Sol-gel 
 
Sol-gel methods have also been used in many publications as there are simple, 
inexpensive techniques that can be readily applied over large area substrates 
[158]
. 
Sol-gel methods can be used to prepare multi-component materials with 
stoichiometric control. It uses a mixture of solvent and stabilizer to form a solution 
by a process of stirring and cooling the mixture at room temperature, following by a 
repeatedly spin coating. After the spin coating the solution is heated up to remove 
residual by-products 
[158]
. The term sol refers to liquid particles used to prepare the 
solution, and aerosol to gas phase particles.  
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2.3.5 PLD 
 
Pulse laser deposition (PLD) is a method similar to MBE and can be used for rapid 
prototyping of high quality thin films and heterostructures 
[159]
. The process uses a 
pulsed laser to ablate the target materials (plates) and induce plasma plume that 
condense on the substrate to form the film. For epitaxy, PLD operates at high growth 
temperature (e.g. 800°C), which is possibly the reason for the observed high Zn 
interstitial concentration, leading to very conductive doped ZnO films in comparable 
levels to ITO with resistivity in the order of 10
-5
 Ω·cm [14]. However, low 
temperature grown Al-doped ZnO films were also reported, using different laser 
energy density at room temperature 
[160]
.  
The lowest resistivity doped ZnO films were grown by PLD 
[58],[161],[162]
. Its 
effectiveness was the subject of a study that compared the electrical and optical 
properties of un-doped ZnO films grown by atomic layer deposition (ALD) and PLD 
using annealing processes and photoluminescence (PL) to determine the defect states 
[163]
. The results indicated that the conductivity of the PLD films was driven by the 
high Zn interstitial concentration acting as intrinsic shallow donors, in contrast to 
ALD films that showed low concentration of both zinc interstitials and oxygen 
vacancies. The mechanism favouring the formation of zinc interstitials in PLD that 
lead to much higher carrier densities is the effect of the laser energy during 
deposition that possibly causes atomic peening 
[163]
. Nevertheless, the need for 
producing films for large scale mass production led to the use of different methods 
such as ALD, which is a highly scalable process. ALD is a precise, controllable 
growth technique, allowing low temperature deposition on various substrates due to 
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the advantage of using gas phase semiconductors. In this study, ALD is the only 
growth technique used, and it is reviewed in section 2.5. 
 
2.4 Doping in ZnO 
 
2.4.1 Doped ZnO films  
 
The properties of ZnO can easily be altered via doping, and there is significant 
interest in improving the n-type behaviour as well as ongoing interest in the 
challenging and controversial issues of p-type doping. Dopants acting as donors or 
acceptors are elements with low ionisation energy (i.e. the energy needed to remove 
an electron from the nucleus attraction). Hence, as shown in Figure 8, donors will 
have low ionisation energy below the CBM (i.e. ED), and by gaining that energy 
their electrons will be ionised into the CB and contribute to conductivity. Acceptors 
on the other hand, will have low ionisation energy above the VBM (i.e. EA), and by 
gaining an electron from the VB, a hole is generated.  
The dopants selected for ZnO are generally categorised into their element groups. 
Elements from group I are generally considered to act as acceptors with recent 
reports on p-type materials of K and Li doping 
[164]
. However, recent research has 
shown that Li and Na actually produce semi-insulating material 
[72]
, due to the 
formation of stable neutral complexes from dopants acting as donors when placed in 
interstitial positions and as acceptors when substitute on zinc sites 
[85]
. This is 
avoided with group V elements as they tend to substitute to oxygen vacancies. 
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Nitrogen is the most studied and most promising candidate for p-type ZnO as it is 
reported to have the smallest ionisation energy (i.e. hence it should act as a shallow 
acceptor 
[16],[72],[165]
), and also its similar atomic size to oxygen favours its 
substitution on oxygen sites 
[85]
. However, according to a study by Lyons et al. 
[166]
, 
nitrogen has higher ionisation energy than the VB maximum of ZnO, thus it is 
expected to act as a deep acceptor.  
 
 
Figure 8: Schematic of a band energy structure showing the donor and acceptor 
ionisation energies. 
 
Elements from Group III are widely used as donors to increase n-type conductivity 
as they provide extra electrons in relation to Zn
2+
 after ionisation, hence substituting 
to zinc sites will offer more carriers to the material. The most common elements 
used include Al
3+
 
[167]-[169]
 and Ga
3+
 
[38],[162]
. Other dopants from the same group 
including B 
[10],[21]
 and In 
[22]-[23]
, have also been reported. Group IV elements such as 
Sn 
[29]
, Si 
[170]
 and Ge 
[27]
, have been recently used for donor doping as they act as 
shallow donors (i.e. low ionisation energy). Transition metals have also been used as 
dopants, such as Ti 
[171]
, Mn 
[158]
, Co 
[24]
, Ni 
[172]-[173]
, Cu 
[174]
, Zr 
[25],[28],[48]
, Ag 
[174]
, 
ED 
EA 
VB 
CB 
Eg 
ECB 
EVB 
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and Hf 
[3],[28],[175]
, which all showed reduced resistivity at low doping levels. A 
detailed discussion on n-type dopants is given in section 2.4.1.1. 
 
2.4.1.1 N-type doping 
 
One of the most commonly used dopants is Al, introduced by different growth 
methods such as RF magnetron sputtering 
[176]-[179]
, CVD 
[180]-[181]
, spin coating 
technique 
[182]
, ionised deposition 
[183]
, sol-gel method 
[184]
, spray pyrolysis 
[185]
, and 
ALD 
[33]-[34],[167]-[169],[186]-[188]
. The selection of Al as a dopant is based on its low cost 
over large scale applications and on its electrical and optical properties when added 
to ZnO. In more detail, Al
3+
 provides one extra carrier when ionised and substitutes 
to Zn
2+
 leading to high carrier density and thus to lower resistivity. In addition, Al
3+
 
has smaller ionic size (0.57Å) than Zn
2+
 (0.72Å) 
[185]
 and thus could occupy both 
interstitial and Zn positions in the film 
[40]
.  
The resistivity values of ALD films 
[33],[186]-[187]
 were slightly higher than spray 
pyrolysis 
[185]
, magnetron sputtering 
[176]-[177]
 and much higher than PLD 
[161]
 as 
shown in Table 2. However, the resistivity of the ALD films was reported lower 
when using sapphire as the substrate (i.e. from 3.0×10
-3
 Ω·cm on glass to 
7.7×10
-4
 Ω·cm on sapphire), attributed to the c-axis textured grains formed on 
sapphire resulting in less scattering than the random oriented grains on glass 
[34]
.  
Gallium is another widely used dopant for ZnO films in TCO replacements of ITO, 
since Ga is economical and more abundant than indium. It also offers less grain 
reduction in comparison to other dopants such as In, Zr and Sn 
[29]
, and it is placed as 
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substitutional to Zn in the lattice 
[40]
. The Ga-doped films often show lower 
resistivity and higher transparency than Al-doped films, and are preferred due to 
their resistance to oxidation and the fact that Ga is less reactive to Zn rather than Al 
[189]
. Comparable studies between Al and Ga dopants showed higher carrier density 
for Ga (5×10
20
 cm
‒3
) compared to Al (3×10
19
 cm
‒3
) 
[40]
. ALD deposited films 
showed comparable resistivity (8.0×10
-4
 Ω·cm [38]) to the Al-doped films [34], but still 
much higher than the one reported for PLD films (8.12×10
-5
 Ω·cm) [162]. 
 
Table 2: List of published doped ZnO films using different dopants and growth 
techniques. 
 Growth 
method 
Resistivity 
(Ω·cm) 
Carrier 
density 
(×10
20
cm
-3
) 
Carrier 
mobility 
(cm
2
/Vs) 
Transp
arency 
Optical 
gap 
(eV) 
Growth 
T (°C) 
Film 
thickness 
Al 
SP
1
 
[185]
 7×10
-4
 3.6 25 88% 3.7 450 1.4 μm 
RF MS
2
 
[176]
 4.6×10
-4
 7.2 18.8 90% - 250 130 nm 
RF MS (H-
annealed at 
300°C) 
[177]
 
8.3×10
-4
 8.86 9.7 90% 3.7 - - 
PLD 
[161]
 8.5×10
-5
 15.4 47.6 88% - 230 280 nm 
ALD 
[33]
 3.2×10
-3
  1.4 14.3 - - 200 45 nm 
ALD 
[186]
 2.4 ×10
-3
 - - >80% 3.5 150 180 nm 
ALD 
[187]
 4.4×10
-3
 1.7 8 92% 3.73  150 100 nm 
Ga 
RF MS 
(annealed at 
550°C)  
[189]
 
1.5 ×10
-3
 1.4 29.4 - - - 1.4 μm 
PLD 
[162]
 8.1×10
-5
 146 30.96 90% 3.5 300 200 nm 
ALD 
[38]
 8.0×10
-4
 1.1 18 - - 300 - 
In 
SP 
[22]
 5.6×10
-1
 - - 90% 3.3 450 600 nm 
RF MS 
[23]
 4.4 ×10
-3
 18 10.1 >80% - - 1.5 μm 
ALD 
[192]
 3×10
-3
 6 20 >85 - 200 180 nm 
Ti ALD 
[171]
 8.9 ×10
-4
 6.2 10 >80% 3.4 200 100 nm 
Ni Sol-gel 
[173]
 4.8×10
-4
 - - 91.2% - 200 - 
Hf ALD 
[28]
 6×10
-4
  3.7 20 >80% 3.56 200 200 nm 
 
1
 Spray pyrolysis 
2
 RF magnetron sputtering 
 
A direct comparison between Al, Ga and In showed that In resulted in the highest 
carrier density 
[190]
, possibly due to the formation of oxides, as In substitutes to Zn 
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and combines to O interstitials 
[191]
. However, indium is not preferred as a dopant for 
ZnO as the aim for using doped ZnO as TCOs is to replace ITO due to In scarcity.  
 
2.4.1.2 Co-doping  
 
Co-doping of ZnO films has been developed in the recent years, to either enhance n-
type conductor or to explore p-type ZnO. Most of the reported studies are theoretical 
predictions, as it is very difficult to experimentally achieve stable and improved 
properties with co-doping. The experimentally reported studies are under dispute for 
their accuracy of films with stable properties. An approach for p-type ZnO films is 
the use of dual acceptor co-doping 
[193]
, such as Li-Ni co-doped by PLD 
[195]
, or even 
donor-acceptor co-doping, such as Al-N co-doped ZnO by ALD 
[194]
, and Li-Zr co-
doped ZnO by aqueous solution 
[196]
. On the other hand, donor-donor doping could 
enhance further the electrical n-type properties by improving structural defects 
caused by a single dopant. An example is the surface degradation caused by Ga 
doping, which was shown to be avoided with the introduction of In, showing reduced 
resistivity of 7.4×10
‒4
 Ω·cm compared to GZO with resistivity of 1.04×10‒3 Ω·cm 
[197]
. Other combinations of donor co-dopants include Co- Al 
[198]
 and Co-Ga 
[199]
.  
 
2.4.2 Zirconium doped ZnO films by different techniques 
 
Zirconium was chosen as the dopant in this work due to its high abundance in 
Earth‟s crusts and because it acts as a shallow donor in ZnO providing two extra free 
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electrons when substitutes to Zn
2+
. Zirconium is also a transition element and it is 
considered to be a good doping candidate based on its comparable ionic size to Zn 
[43]
 (i.e. 0.745 Å for Zr and 0.74 Å for Zn 
[42]
). This helps to minimize lattice 
distortion usually observed with other dopants when substituting for Zn
2+
 (e.g. Al) 
[29]
 that could affect the mobility, the electron distribution and the band structure. 
The minimisation of the lattice changes does not correspond to zero changes, in 
contrast, Zr-doped ZnO studies showed a small increase in the d-spacing of the  
lattice when adding Zr 
[26],[56]
. An additional advantage is the reluctance of Zr to 
bond with Zn atoms, avoiding the formation of secondary (inter-metallic) phases and 
therefore enhancing the stability of the target phase 
[44]
.  
The use of Zr provides the extra electrons required to increase the carrier density and 
so enhance the n-type conductivity. However it is expected to result in a small 
mobility reduction due to its tendency to cluster into the grain boundaries which 
reduces the grains size 
[29],[48],[57]
. This suppression of grain growth is more intense at 
high doping when ZrO2 molecules are formed and placed at grain boundaries 
[49],[57]
. 
The mobility and grain size reduction could both be used as an indication of the 
dopant segregation at grain boundaries in the current study, which can exists in 
epitaxial films without the formation of clusters due to the dopants mobility within 
the grain boundaries. 
A number of publications using Zr-doped ZnO were reported using different 
deposition techniques, such as spray pyrolysis 
[26],[45]-[47]
, low temperature 
coprecipitation method 
[48]
, sol-gel method 
[29],[49],[50],[200]
, DC magnetron sputtering 
[51]-[54]
, RF magnetic sputtering 
[56]
, microwave irradiation 
[55]
, low temperature gel-
combustion 
[201]
, PLD 
[58]
, and ALD 
[25]
. The number of related studies is much lower 
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than for other dopants such as Al and Ga, and thus various gaps remain in the 
understanding of Zr doping. In particular for ALD growth, there is only one 
published study for Zr-doped ZnO thin films 
[25]
 reporting conductive and 
transparent films, but also leaves scope for further research which is addressed in the 
current study. The findings of the published ALD study and the research gaps 
identified are discussed in the zirconium in ALD section (2.5.3). 
A theoretical study by Wang et al. 
[43]
 using first principle calculations, reported the 
most likely position of Zr in the ZnO lattice based on the calculated formation 
energies. This study suggests Zr is likely to be substituted onto Zn sites as this 
arrangement has the lowest formation energy and causes the lowest lattice distortion 
(due to ionic radius similarity). According to those calculations, ZrZn will result in 
Fermi level shift into the CB and thus the conductivity will be increased.  
Experimentally, Zr-doped ZnO films were shown to reduce the resistivity compared 
to the un-doped ZnO films, with the most effective doping being typically between 
1-5 at.% Zr. Films prepared by sol-gel showed resistivity of 7.2×10
‒2
 Ω·cm at a low 
doping level of 1.5 at.%, and increased again as the doping increases further 
[49]
. In 
the same study, possibly due to the low carrier density (1.5×10
19
 cm
-3
), the optical 
measurements showed no Burstein-Moss effect and the bandgap was found to reduce 
with increasing doping. In another study using the same deposition technique, ZnO 
nanoparticles with Zr doping, showed enhanced oxygen vacancies concentration 
with doping that resulted in room temperature ferromagnetism while pure ZnO 
showed paramagnetism 
[200]
. Different nanostructures with Zr doping have also been 
reported using a low temperature coprecipitation method 
[48]
. It showed that the 
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bandgap can be manipulated by controlling the morphology of the material (i.e. 
nanoflakes, nanorods, spherical nanoparticles). 
DC magnetron sputtered films were also reported, including a study of thick doped 
films (450 nm) that showed high transparency up to 92% with resistivity of  
9.8×10
-4
 Ω·cm after vacuum post-annealing (300°C) [53], more conductive than a 
study using RF magnetron sputtering of 300 nm thick films (2.1×10
‒3
 Ω·cm) [57]. 
Polymer substrates of polyethylene terephthalate (PET) were also used by DC 
magnetron sputtering, showing low resistivity up to 1.8×10
‒3
 Ω·cm and transparency 
up to 86% 
[51]
. Spray pyrolysis method resulted in higher resistivity films (100 nm) 
of 6.7×10
-2
 Ω·cm, reduced to 2×10‒3 Ω·cm after vacuum annealing at 400°C [26]. The 
most conductive Zr-doped films were reported using PLD, with resistivity of 
5.6×10
-4
 Ω·cm for a 200 nm film, and optical transmittance of 84% [58]. 
According to Paul et al. 
[49]
, the grain orientation was initially random for the un-
doped films, then formed a-axis preferred orientation (10 ̅1) at 1 at.% before shifting 
to c-axis orientation (0002) at 2 at.%, which is enhanced as doping increased further 
to 3 at.% 
[49]
. The increase of c-axis preferred orientation with increasing doping was 
also observed by Bahedi et al. using spray pyrolysis 
[45]-[47]
. Other studies of Zr-
doped ZnO films, reported increase of amorphization as doping increases using RF 
magnetron sputtering 
[56]
 and spray pyrolysis 
[26]
. This trend was explained by 
Gokulakrishnan et al. as the effect of Zr being placed in interstitial positions and not 
to zinc sites 
[26]
. This suggests that increase of c-axis alignment corresponds to Zr 
being placed in zinc sites, with the cause being discussed in chapter 4.  
The larger ionic size of Zr atoms was reported to result in larger lattice constants 
according to Tsay et al. 
[50]
 and Zhang et al. 
[200]
 using sol gel method 
[50]
, Khan et al. 
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using gel-combustion method 
[201]
, Wang et al. using RF magnetron 
[56]
,and 
Gokulakrishnan et al. using spray pyrolysis 
[26]
. As a result, it can be said that 
chemical mixing methods result in increased lattice constants with the addition of Zr 
atoms.  
The structural properties of Zr-doped ZnO films compared to other dopants such as 
Ga, In and Sn were studied by Tsay et al. using sol-gel 
[29]
. This study showed that 
Ga and In doped ZnO exhibited the lower resistivity due to the formation of larger 
grains in comparison to Zr and Sn doped ZnO, ultimately resulting in lower grain 
boundary scattering 
[29]
. The same effect of grain size difference was also reported 
when compared to Al-doped films, where Zr was reported to show slightly higher 
resistivity (6.1×10
‒4
 Ω·cm) than Al-doped films (5.7×10‒4 Ω·cm) deposited by DC 
magnetron sputtering 
[54]
. The reduction of grain size due to Zr doping is yet to be 
published for ALD, thus this is also investigated in this thesis. 
 
2.5 Atomic Layer Deposition 
 
Atomic layer deposition (ALD) is an atomic layer-by-layer growth technique, which 
uses self-limiting surface chemistry to controllably deposit thin films, with 
monolayer precision (i.e. few Å) 
[202]
. ALD was first developed in the 1970s in 
Finland, with the name atomic layer epitaxy (ALE) by Suntola et al 
[203]
. ALE was 
presented as a closely related method to MBE, with the initial experiments focused 
on growing II-IV compound films on glass 
[204]
. Later this process became well 
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known to other researchers, who developed, analysed and renamed the process as 
atomic layer deposition (ALD) 
[205]
. 
 
 
 
Figure 9: Schematic of ALD process using self-limiting surface chemistry. 
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The gas-solid reactions formed from the sequential steps of a process, led to the self-
limiting behaviour and the precise control of the thickness 
[202]
. Based on its gas 
phase nature, ALD is suitable for coating on many surfaces providing uniformity and 
conformal deposition 
[206]
. In fact, it is believed that no other thin film technique 
produces coating on high aspect ratio structures with such high conformality 
[205]
, 
such as nanowires and nanorods 
[206]
. 
The success of ALD is based on the surface chemistry, since in two stages a layer 
can be formed after the reaction of two precursors (i.e. reactant and co-reactant) 
[207]
 
under high vacuum conditions in the order of mTorr. The operation of ALD (Figure 
9) is based on four simple steps: precursor (reactant) exposure, precursor purge, co-
reactant exposure, co-reactant purge.  
The precursor exposure is the step introducing the selected precursor, into the 
reaction chamber. The dose time length is typically very short (i.e. volatile 
precursors introduced in ms) so that the precursors do not react in the volume of the 
chamber but only to the adsorbates on the sample surface 
[208]
.  Thus, the dose time 
depends on the vapour pressure, the reactor geometry, the sample geometry (i.e. if 
the sample has high aspect ratio it will require longer dose), and how well the 
precursor adheres to the substrate. The precursor doses are separated using inert gas 
purges in order to remove the remaining by-products left after the surface reactions. 
The co-reactant exposure forms the bonds that are metal-oxygen in the case of 
oxides. The by-products are then again purged in the fourth step, leaving OH groups 
for H2O doses that react on the next cycle‟s precursor dose producing another layer. 
The end of a cycle leaves a monolayer of typically 1 or 2 Å thickness, and under 
self-limiting growth conditions this value is fixed per cycle. Those growth 
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parameters such as doses times and substrate temperature are controllable via 
software interface for most ALD systems, operating in a sequence of steps defined 
by the user (recipes). Therefore, the thickness of the deposited layer is precisely 
controllable as the film thickness is linearly proportional to the number of ALD 
cycles completed. 
ALD is used to deposit metal oxides such as ZnO, metal nitrides such as TaN, 
sulfides such as ZnS, and phosphides such as GaP 
[205]
. Each ALD process requires a 
suitable combination of precursors and co-reactants, which have to be volatile, 
reactive with each other, and thermally stable in either solid, gas or liquid form 
[209]
. 
Precursors can be initially classified as reactant (metal) and co-reactant (non-metal), 
with the co-reactant precursors such as H2O and NH3, being used for depositing 
oxides and nitrides. The reagents are often inorganic precursors, in which metal 
atoms are connected to organic ligands groups in order to increase the volatility of 
the metal at low temperatures. Highly volatile precursors are introduced into the 
chamber typically using short pulses, while for some involatile precursors it is 
necessary to bubble gas through the precursor to increase the pickup of vapour into 
the gas stream. 
One of the most important advantages of ALD is the deposition of highly reactive 
precursors at low temperature. The reactions in thermal ALD are usually carried out 
in the 150°C to 350°C temperature range 
[210]
. The growth temperature is always set 
higher than the precursor heating temperature by at least 20°C to assure equilibrium 
between the surface chemical reaction and the physical absorption/desorption 
[208]
. 
Note that highly volatile precursors such as diethylzinc precursor are left at room 
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temperature, but less volatile sources such as tetrakis-ethylmethylamino zirconium 
precursor, are heated to increase the vapour pressure.  
The „ALD window‟ (Figure 10) is shown at the temperature range where the growth 
rate is fixed (i.e. saturation region). At lower temperatures the reactions cannot occur 
due to lack of thermal energy, and thus the bonds are not formed (i.e. incomplete 
reaction) leading to decreased deposition rate. In some cases, condensation may 
occur at low temperatures leading to an apparent increase in growth rate. If the 
temperature is higher than the ALD window, the excess thermal energy may induce 
desorption of the precursor (i.e. break the formed bonds out of the lattice) leading to 
a reduction in growth rate. Another possibility is the precursor may thermally 
decompose at high temperatures, leading to CVD-like condensation of growth and 
hence to an actual increase in growth rate.  
 
 
Figure 10: Schematic of possible behaviour for the ALD growth per cycle versus 
temperature 
[205]
. 
 
ALD is divided into two main types; the thermal ALD and plasma enhance ALD 
(PE-ALD). Thermal ALD simply uses thermal energy to induce reactions, whether 
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PE-ALD uses plasma as a source of additional energy for reactions that are not 
feasible with low energy 
[205]
. Hence, plasma can be used at lower growth 
temperature compared to thermal ALD, which could be particularly useful for 
temperature sensitive substrates.  However, all of the studies mentioned in this report 
are based on thermal ALD, which could also use low growth temperature and could 
be more easily used to deposit on high aspect ratio structures. 
 
2.5.1 ZnO deposited by ALD 
 
ALD of ZnO has been extensively studied by many research groups over the last 
decade 
[208]-[209],[211]-[217]
. Alkyls are the most commonly used precursors for zinc 
oxide, however, it is reported that these can leave carbon and hydrogen residues 
[202]
. 
The most commonly used zinc sources are diethylzinc (DEZ) and dimethylzinc 
(DMZ), with water mostly used as the co-reactant 
[209]
, since it allows deposition at 
temperatures as low as room temperature (i.e. partially crystalline films) 
[218]
. The 
use of low temperature (90°C) with DEZ allowed deposition of ZnO films on plastic-
based polymer solar cells leading to 4.1% power conversion efficiency 
[211]
. DMZ 
was reported to result in faster growth rate (i.e. up to 3.7 Å/ cycle) than DEZ (i.e. up 
to 2.1 Å/ cycle) due to shorted ligand of ethyl compared to methyl (i.e. smaller steric 
hindrance) 
[212]
.  
DEZ consists of ethyl groups, which make it highly volatile, giving it a high vapour 
pressure even at room temperature. DEZ also has high reactivity at temperatures 
lower than 200°C. This is considered a great advantage as it enables deposition on a 
variety of applications such as organic substrates and polymers 
[214]
. At temperatures 
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higher and lower than the ALD window, the growth rate decreases, due to desorption 
and incomplete reaction respectively 
[212]-[213]
. The use of DEZ in thermal ALD is 
reported to result in growth rate of 1.9-2.0 Å/ cycle within the ALD window 
[215]-[217]
. 
However, when it is used in a PE-ALD the growth rate is higher at 2.8 Å/ cycle due 
to the high reaction when using oxygen plasma rather than water reactant 
[217]
. The 
comparison between the two methods also showed higher carrier density for the 
thermal ALD at low temperatures, while interstitial oxygen sites were formed at low 
temperature PE-ALD (i.e. <300°C) that acted as electron compensators, making the 
plasma grown films more suitable for TFT applications 
[217]
. The effect of chamber 
pressure was also studied and showed that at high pressure of 760 Torr the growth 
rate increased compared to 2 Torr, attributed to the excess water that remained at the 
film surface after the water purge step at high pressure, but it is suggested that 
increased gas velocity can resolve this issue 
[213]
.  
Similarly to PLD, the increase of zinc interstitials was found to reduce the resistivity 
[163]
, hence in ALD it was found that at high temperatures the population of those 
defects increases, leading to higher carrier concentration 
[219]
. The effect of growth 
temperature on the electrical properties was also studied for low growth temperature 
at 100°C, which showed low carrier concentration suitable for use in Schottky diodes 
[220]
. The mobility on the other hand could be increased by increasing film thickness 
via ALD, as increasing the overall thickness will lead to grain enlargement and 
hence to the reduction in interfacial and grain boundary scattering 
[214]
.  
ALD deposited ZnO is usually polycrystalline with peaks of (10 ̅0), (0002), (10 ̅1), 
(10 ̅2) and (11 ̅0), found even from ultrathin films (10 nm) [221]. The preferred 
orientation of such films is usually in the (0002) plane (polar orientation) 
[222]-[223]
 as 
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it has the lower surface energy and so grains grow in that direction to minimise the 
system‟s energy. However, studies also reported films of (10  ̅ 0) preferred 
orientation (non-polar) 
[216],[224]-[227]
. In those studies, the growth conditions were 
different than the standard ALD deposition of ZnO films, including the use of short 
DEZ doses and short water purge steps 
[224]
, the growth at low temperatures (i.e. 150-
220°C) 
[225]
, and the use of thick films 
[216],[226]-[227]
. The most recent study showing 
the thickness effect on the grain orientation suggested that the preferred orientation 
shifted from (0002) to (10  ̅0) direction as the thickness increased [226] (further 
analysis on the reasons of that change is carried out in chapter 4). Hence, ALD offers 
the opportunity to set different preferred orientation in ZnO films by changing the 
film thickness without altering any other growth parameters. A schematic of the 
crystal structure for both polar and non-polar surface is shown in Figure 11. 
 
 
Figure 11: Schematic of the top views for polar (c-axis oriented crystals) and non-
polar (a-axis oriented crystals) surfaces. The red spheres show zinc atoms and the 
blue ones show oxygen atoms. 
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Non-polar ZnO films are of interest, in order to avoid electrostatic instability created 
in the polar surfaces. Polar surfaces lead to spontaneous polarization 
[228]
, which 
creates a non-zero dipole moment that forms macroscopic electric field with 
perpendicular direction to (0001) plane 
[229]
. This electric charge causes reduction of 
electron-hole recombination probability and reduces the photons generation 
[228]
. To 
avoid this effect, non-polar films are more favourable for more efficient 
optoelectronic devices, such as LEDs and LDs 
[228],[230]
. It was also found important 
for electrical properties according to Fujimura et al. 
[231]
, who stated that     ̅ ) 
oriented films were more conductive compared to     ̅ ) and (0001) oriented films. 
This was also seen by Illy et al., who reported improved photovoltaic performance 
when the orientation is at     ̅   orientation rather than (0002) plane [232].  
ALD can be used to grow ZnO films on various substrates such as flexible 
polyethylene terephthalate (PET) 
[215]
, glass slides 
[217],[220],[227],[233]
, sapphire 
substrates 
[220]
, and on Si substrates 
[217],[220]
. The ability of ALD to coat high aspect 
ratio structures also allowed the use of coating 3D ZnO structures, such as nanowires 
for dye sensitised solar cells (DSSC) 
[234]
 and for field-effect transistor (FET) 
[235]
. 
Based on this advantage, ZnO was used as the coating on several other 3D structures 
such as anodic aluminium oxide (AAO) templates 
[236]
, TiO2 nanoparticles 
[237]-[238]
, 
multi-walled carbon nanotubes 
[239]
, and high surface area silica gel 
[240]
. 
Additionally, ZnO nanowires can be grown using hydrothermal growth on deposited 
ALD films 
[241]
. 
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2.5.2 Doped ZnO deposited by ALD 
 
Doping can be easily achieved by ALD using a “delta doping method” (i.e. using one 
doping cycle in a series of ZnO cycles), such as the one used in this study. As a 
result, a variety of dopants have been studied using ALD, with focus on producing 
improved n-type films as shown by some examples in Table 3.  
 
Table 3: List of published doped ZnO films deposited by ALD using different 
dopants. 
 Resistivity 
(Ω·cm) 
Carrier 
density 
(×10
20
cm
-3
) 
Carrier 
mobility 
(cm
2
/Vs) 
Transp
arency 
Optical 
gap (eV) 
Growth 
T (°C) 
Film 
thickness 
Ref 
Al 
9.7×10
-4
  - - >80% - 200 - [242] 
3.2×10
-3
  1.4 14.3 - - 200 45 nm [33] 
2.4 ×10
-3
 - - >80% 3.5 150 180 nm [186] 
4.4×10
-3
 1.7 8 92% 3.73  150 100 nm [187] 
Ga 8.0×10
-4
 1.1 18 - - 300 - [38] 
Ge 6-7×10
-3
 2.14 5 >80% 3.62 250 100 nm [27] 
In 3×10
-3
 6 20 >85 - 200 180 nm [192] 
Ti 8.9 ×10
-4
 6.2 10 >80% 3.4 200 100 nm [171] 
B 6.9×10
-4
  ~4 ~20 - - 136 - [247] 
Hf 6×10
-4
  3.7 20 >80% 3.56 200 200 nm [28] 
Zr 1.3×10
-3
 2.2 19.7 92% 3.27 180 100 nm [25] 
 
2.5.3 Zirconium in ALD 
 
Zirconium is used in ALD to form nitrides and oxides 
[202]
, such as ZrO2 layers 
proposed as high-k dielectrics 
[248]
. The precursors used are tetrakis-dimethylamino 
zirconium (TDMAZ) 
[249]
 and tetrakis-ethylmethylamino zirconium (TEMAZ) 
[25]
. 
TEMAZ (used in the current study) was reported to vaporise at 120-150 °C and grow 
at 150-300°C with growth rate at 1.1 Å/cycle 
[250]-[251]
.  
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There is only one publication to date establishing the effect of Zr doping 
concentration on the resistivity of the ~100 nm thick ZnO films, showing the lower 
resistivity of  1.3×10
‒3
 Ω·cm and maximum carrier density of 2.2×1020 cm-3 when 
doped with 2 at.% Zr (mobility of 19.66 cm
2
/Vs) 
[25]
. The maximum transmittance 
was of 92% within the range 390 to 900 nm, while the optical gap was found to be 
increased with the Zr doping concentration, from 3.23 eV for the un-doped film to 
3.35 eV for the 8 at.% Zr-doped film 
[25]
. Additional data were presented regarding 
the increase of crystallinity as the 4 at.% Zr-doped film was annealed at 900°C, and 
also photoluminescence studies showed electron-hole plasma emission at high 
excitation intensities. Therefore, further analysis could be carried out to cover the 
microstructural effects as doping increased, on how they affect the conductivity, 
identify the causes for the optical gap increase, prove that Zr is in the state of Zr
4+
 
when doped in the films, and finally to identify any defects generated as doping 
alters. The current study will focus on those topics by carrying out an overall 
characterisation of the ALD grown films with a systematic doping alternation. 
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Chapter 3 
Experimental processes 
 
 
3.1 Introduction 
 
This chapter addresses the experimental methods used for sample preparation and 
characterisation. ALD growth is explained in section 3.3, by establishing the growth 
and sample preparation of all films presented in this thesis. The thickness of these 
films was then measured by ellipsometry (section 3.2) and confirmed by TEM 
(section 3.10). TEM was also used to analyse the microstructure of the films, 
together with XRD (section 3.8) and AFM (section 3.11). The electrical properties of 
films deposited on glass were characterised using a four-point-probe (part 3.4) and 
Hall effect measurements (section 3.5), while the chemical state was assessed by 
XPS (section 3.9). Finally, the optical properties were investigated using 
photoluminescence (section 3.6) and spectrophotometry (section 3.7). 
 
3.2. Ellipsometer  
 
Ellipsometry is an optical technique that provides information such as the refractive 
index, through illuminating and analysing polarised light. The ellipsometer used in 
this study, uses polarised light with fixed wavelength to illuminate a sample surface, 
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and then analyse the reflected elliptically polarised light as shown in Figure 12. The 
physics behind this technique followed the wave theory of light (Hooke 1660), the 
polarisation of light theories (Faraday mid 1840s), and the theory of electromagnetic 
waves (Maxwell 1873) 
[252]
. The development of the first ellipsometer is attributed to 
Paul Drude (1902). His models are still used today, mostly in spectroscopic 
ellipsometry, to relate the carrier density with plasma frequency obtained through 
reflection/transmission as discussed in section 3.7.1.  
 
Figure 12: Schematic of ellipsometer setup. 
 
In ellipsometry two parameters are measured during the scan, the angles Ψ and Δ, 
which present the light amplitude change and phase change after reflection 
respectively 
[252]
. From the change in polarisation with ellipse shape (Figure 13), the 
reflected polarised light consists of two components, the parallel (rp) and the 
perpendicular (rs). The numerical components are presented in Equation 1 and 
Equation 2, which result in the refractive index (n) calculation in Equation 3.  
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Figure 13: a) Angles during reflection in ellipsometer, and b) Schematic of the 
elliptical polarised light reflected from the sample surface. 
 
Equation 1, Equation 2 
   
 ̃        ̃      
 ̃        ̃      
                                                
 ̃        ̃      
 ̃        ̃      
 
Equation 3 
 ̃       
where  ̃  is a complex number and k is the absorption index. By knowing the 
complex components and the incident angle, the phase factor β can be calculated 
using Equation 4 providing the thickness of the film (L). The value β is calculated 
using the Fresnel equations 
[252]
, based on the parallel and perpendicular polarised 
components.   
Equation 4 
    
(
 
 √  
 ̃    
       
 
)
  
rP 
rS θ 
ES 
EP 
Reflection 
direction 
Film 
Substrate 
𝝋0 
𝝋1 
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The measured angles of Ψ and Δ are related to parallel and perpendicular 
components as given by Equation 5 
[252]
, which presents the ellipsometry variable ρ. 
Equation 5 
  
  
  
 
|  |        
|  |        
         
where Ψ and Δ are given by the following equations: 
Equation 6 
     
|  |
|  |
                                                      
As a result, when the thickness increases, the angle Ψ increases and angle Δ 
decreases. A simulation model called ellipsheet 
[253]
 represents this relation, and 
shows that as the refractive index and thickness varied for a range of Ψ and Δ, the 
relation is presented as loop. As a result, it is possible to have the same values of Ψ 
and Δ for different film thicknesses. When the thickness of the film is too small, the 
accuracy of the ellipsometer thickness reading is reduced since it may give different 
numbers of refractive index for Ψ=10° [253].  
The ellipsometer was used as the technique to determine the optical thickness and 
refractive index of the films deposited on Si wafer substrates. A Rudolph Research 
Auto-EL-IV ellipsometer was used in the current study. It uses light at three different 
wavelengths of 633 nm, 576 nm, and 405 nm. The wavelength used for all 
measurements presented in this study was the 633 nm (single point program 20-20). 
The use of this program is based on the assumption that all films have one refractive 
index (i.e. no internal reflections). For the doping set, the films were assumed to be 
flat and have uniform refractive index. 
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Figure 14: Standard deviation showing the 95% error margin for the ellipsometer 
thickness readings. 
 
 
 
Figure 15: Standard deviation showing the 95% error margin for the ellipsometer 
refractive index. 
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The measurements of a reference sample were taken for setting the error margins 
(i.e. 1178 Å standard 4″ initialisation wafer of silicon single crystal), which was used 
for calibrating the ellipsometer every day. The standard deviation was then plotted 
for the thickness (Figure 14) of 100 readings, showing thickness error margin of 
±8.5 Å within the 95% of the total area (1183-1191.5 Å). The 95% acceptance 
margin for the refractive index (Figure 15) was found between 1.466-1.469 (unit-
less), hence the refractive index error margin is set at ±0.003 (unit-less). 
 
3.3. Atomic Layer Deposition 
 
Atomic Layer Deposition was used to grow all the films presented in this thesis 
using an Oxford OpAL ALD reactor arrangement schematically shown in Figure 16. 
There are three precursor lines (one not shown) and one co-reactant line. The co-
reactant line is the H2O source, and the other three lines are connected to zinc, 
zirconium, and aluminium sources. 
There are two main gas lines on the ALD reactor, the dose line (shown as blue line in 
Figure 16) used for flowing argon into the bubblers in order to increase the pickup of 
vapour and to carry it into the chamber. When volatile precursors are used, this line 
is not required and precursor is dosed using vapour draw. The purge line (shown as 
red line in Figure 16), forces argon through the dose line (above the dose valves) at 
the end of each dose step in order to clean the line and purge the chamber. The argon 
flow was kept constant at 200 sccm during deposition to maintain a stable chamber 
pressure of around 200 mTorr. As a result, 200sccm were directed by the Fill valve 
during the dose steps, and re-directed back to the purge valves during purge.  
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Figure 16: Schematic of the ALD OpAL kit operational lines (i.e. blue is the dose 
line and the red one is the purge line).Note that D=dose valves, S=source valves, 
P=purge valves, E1=exhaust valve, and the white-gray valves show the manual 
valves. 
 
For the runs used in this study, the precursor purge valves and the water purge valve 
were used during the main processes, while the Fill valve was used at the beginning 
of the run to stabilise the pressure. The precursors used in this study were the organic 
diethylzinc (DEZ) and tetrakis-ethylmethylamino zirconium (TEMAZ) as Zn and Zr 
sources respectively (both supplied by SAFC Hitech). Deionised water was used as 
the co-reactant throughout the process, with argon (BOC research grade) as the 
purge gas. Each precursor was delivered via vapour draw, with DEZ and H2O source 
held at room temperature and TEMAZ heated at 95°C. In more detail, the main 
precursor chemical reaction is shown in Equation 7 for the DEZ precursor 
[254]
, 
Chapter 3                                                                                               Experimental processes 
56                                                                                                                                                                                                     
where the ethyl groups of the precursor bonded to Zn sites react to water and form 
ZnO bonds and C2H6 as the by-products.  
Equation 7 
                           
The deposition temperature was set at 200°C following initial temperature tests 
presented later in this section. Trimethyl-aluminum (TMA) and H2O were also used 
to deposit 2-3 nm Al2O3 buffer layers at the same temperature with the precursor 
held at room temperature. This was done to improve nucleation of the ZnO and 
achieve better optical measurements as it provides transverse optical confinement 
with minimum absorption loss due to its wide energy bandgap 
[255]
.  
Two types of substrates were used in each deposition run in order to satisfy the 
sample restrictions of the characterisation processes. Films were deposited on 
standard sodalime glass microscope slides and on virgin test grade n-type Si (100) 
wafers. The glass substrates were used for optical measurements as it required 
transparent substrates, they were also used for electrical measurements as it was 
important of having a non-conductive substrate to prevent parallel conduction in the 
substrate. The glass slides were carefully cleaned with isopropanol prior of the 
deposition, by using drops on the surface and then drying them out using nitrogen 
air. Samples grown on Si wafers were mostly used for microstructure analysis and 
for optical thickness estimation using ellipsometer in order to isolate the refractive 
index of the film (e.g. ellipsometry is more sensitive when using high refractive 
index substrates, such as silicon wafers).  
The temperature on the deposited surface was slightly different than the one set by 
the controlled ALD software due to the conduction and conversion heat transfer in 
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the chamber (Figure 17). Due to the different substrates used with different thermal 
conduction coefficients, the sample surface had slightly different temperature. By 
experimentally measuring the sample‟s surfaces under growth conditions using a low 
mass thermo couple (i.e. under vacuum at 200°C table temperature with 200sccm 
argon flow), the surface of the glass substrate was repeatedly measured at 181°C and 
on Si wafer at 186°C. The temperature difference between the two types of 
substrates is unlikely to have an effect on the films properties.  
 
 
Figure 17: Schematic of Heat transfer in a sample heated on the ALD chamber 
plate. 
 
A typical ALD cycle of ZnO is shown in Figure 18 which is repeated X times to 
create a film of X number of cycles. The step times and ALD temperature windows 
for ZnO were initially investigated to establish suitable growth conditions for the 
doping study. All the resultant plots are shown in Figure 19. 
For the tests some standard parameters were set such as a low table temperature at 
150°C, with DEZ dose at 30 ms, water dose at 50 ms pulses and purge times at 5 s. 
The number of cycles was kept constant at 300. For each plot, only the variable 
changed in each run with the above parameters being fixed. The growth rate graphs 
 
Free convection 
Tamb 
T1 
T2 
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do not show any error bars related to the error margin set for ellipsometer, due to the 
very small uncertainty. 
 
 
Figure 18: Schematic of the ALD process to deposit ZnO films. 
 
The first parameter tested was the precursor dose, and as DEZ is highly volatile, only 
very short doses were applied. From the growth rate plot (Figure 19a), the ALD 
window began at 20 ms with 2±0.1 Å/cycle growth rate. Thus, the optimum 
precursor time was set at 30 ms for all subsequent runs. The co-reactant (H2O) pulses 
showed saturate growth starting at very short pulses of 10 ms, which is the shorter 
time allowed by the Swagelok ALD valves. A run without co-reactant showed no 
growth, hence confirming that the growth is only ALD. The abundance of this 
precursor allowed selecting a longer pulse time, set at 50 ms. The purge time (Figure 
19c) showed slightly higher growth rate at the shorter step of 1s, suggesting lack of 
by-products removal. The growth rate then showed a saturated region between 3-
12 s, and at 15 s the growth rate was reduced, possibly indicating desorption of the 
precursor due to the prolong purge. The optimum value was at 5 s in order to keep 
the run times to the minimum.  
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Figure 19: ZnO growth rate by varying the a) precursor dose (150°C), b) co-
reactant dose (150°C), c) purge time (150°C), and d) temperature. 
 
As reported by Rueter et al., the DEZ adsorbs on the Si (100) surface at temperature 
lower than -73°C 
[256]
, thus deposition was expected at very low temperatures. 
Indeed growth is shown even at 100°C with the ALD window found within 130-
200°C. Below 130°C the growth rate was low indicating desorption as not all the 
bonds could be formed due to lack of thermal energy. At temperatures above 200°C, 
there was a decrease in growth rate consistent with the literature suggesting 
desorption of DEZ 
[257]
. This is related to zinc metal desorption at relatively low 
temperature (277°C) leaving adsorbed ethyl groups on the substrate 
[256]
. As a result, 
the selected temperature for the main set of samples was set at 200°C based on the 
resulted lower resistivity of the films as shown in section 5.2. One cycle using the 
selected parameters gives a growth rate of 1.87 Å/cycle. 
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The full characterisation process of zirconium oxide was not conducted for the 
TEMAZ precursor due to the limited quantity of precursor available for this study. 
Thus, the ALD temperature window was obtained from the literature. According to 
study 
[250]
, TEMAZ precursor with higher vaporise temperature (120-150°C) reacting 
with H2O, resulted in a ALD window between 150°C and 300°C with growth rate at 
1.1 Å/cycle. The same growth rate was reported for PE-ALD using O2 plasma, with 
the temperature window starting from 150°C to at least 250°C (no higher 
temperature growth was presented) 
[251]
. Hence, the selected temperature of 200°C 
from the ZnO study is within this ALD window. TEMAZ was heated at 95°C and 
the dose time was set at 1 s, giving a growth rate of 0.65 Å/cycle. The precursor 
temperature was selected based on Becker et al. study 
[258]
, which was applied in the 
current work and resulted in uniform and repeatable film growth.  
In this study a fixed number of 500 cycles was used for the doping study. In 
addition, a range between 300 and 1500 cycles was used to examine the film 
thickness effect. The doping process shown in Figure 20 had an extra step at the end 
of the standard ZnO sequence, for the deposition of zirconium oxide. This is an ALD 
„delta‟ doping methodology similar to the one reported by Chalker et al. [27]. During 
this method, only one doping cycle of ZrO2 was added per period of the main loop, 
and the doping percentage was altered by changing the number of repeats of the ZnO 
cycle. The total number of cycles was again kept fixed, with (Y+1)×X be equal to 
500. The doping concentration (i.e. atomic percentage) cited throughout this study is 
based on the cycle ratio and the number of atoms. In more detail, this estimation was 
based on the assumption that during the zirconium process, Zr-O bonds are formed 
similarly to monoclinic ZrO2 (formed at low temperatures 
[259]
). Hence, for the doped 
layers we assume that there are two O for every Zr, while for ZnO it was assumed 
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that there was one O for every Zn atom. For example with X=50, Y=1, the 
corresponding doping concentration was estimated to be 4.8 at.% and the doping 
percentage cycle as 10%. Unfortunately, it was not possible to prove this 
experimentally using XPS as is believed to give layers of Zr rich material rather than 
homogeneous defects. As a result, the surface sensitivity of XPS dominates and 
discards the measurements. Nevertheless, the gradual change of the properties as 
doping increased such as resistivity supported the fact that ZnO films were 
controllably doped by Zr.  
 
 
Figure 20: Schematic of the ALD process to deposit Zr-doped ZnO films 
 
3.4. Four-Point probe 
 
Resistivity measurements were carried out on films deposited on glass using a four 
point probe (4PP). 4PP uses four in-line probes of equal spacing (1.3 mm) placed on 
the films surface. Electrical current is applied between the first and fourth probe (see 
Figure 21), and the resulting potential difference is measured by the two middle 
probes (2 and 3).  
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Figure 21: Schematic of the four-point-probe configuration, with the 4 probes on the 
film surface.  
 
The principle of this method is based on Ohm‟s law stating that the resistance is 
proportional to the potential difference (V) and inversely proportional to the current 
(I) flowing across the sample (i.e. R=V/I). The resistance is expressed by the 
resistivity and the geometry of the sample. Resistivity is the property of the film 
corresponding to the degree of electrons mobility (Equation 8) 
[260]
.  
Equation 8 
    (
  
 
) 
For bulk materials where thickness (t) is much higher than the probe distance (s), the 
current penetrates spherically into the sample and hence the affected area is A=2πx2. 
As a result the resistivity (ρ) is calculated by Equation 9 [260]. 
Equation 9 
     (
 
 
) 
V + - 
I + - 
Film on Glass substrate 
1 2 3 4 
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For very thin films where t is much smaller than s (t<<s), current rings are formed 
that change the penetrated area into A=2πxt. This changes the resistivity formed 
given by Equation 10 
[260]
. 
Equation 10 
  
  
   
(
 
 
)         (
 
 
) 
Sheet resistance (RS) is the resistivity without taking into account the thickness of 
the film (Equation 11). The sheet resistance is calculated by taking the slope of the 
voltage to current relation obtained by the four-point-probe data. The slope must 
pass though zero and should be linear for semiconductor materials. The resistivity of 
the film is then calculated by multiplying the film thickness (Equation 12).  
Equation 11  
         (
 
 
)       
Equation 12 
          
The home built 4PP system used in this work comprised of a Lucas Signatone Corp 
SP4 Probe head and a Keithley Series 2400 Sourcemeter. The probes were made 
from tungsten carbide with a 0.13 mm tip radius, and 1.3 mm tip spacing. For the 
measurements the sample was placed on a flat insulating surface and the probes were 
lowered to touch the sample surface. The tips on spring loaded to give a set load per 
tip, thus the load must not be high. The sources rates were controlled using computer 
software, in which the current range, current step and step speed were set and the 
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data were logged. The resultant slope of the I-V plots was used to determine the 
sheet resistance (Ω/square) and from this the resistivity value (Ω·cm).  
The potential difference measured by the 4PP is between 200 mV and 200 V. Hence, 
the current must be always set higher than 10 mA for very conductive films in order 
to obtain a measurable potential difference. The current was set at 10
‒7
 A for very 
resistive films, as the high resistance leads to high potential difference (V) that might 
overcome the measurable voltage limit. For the conductive films the current was set 
at 10
‒4
 A. The samples in the current study were all set at range ±2×10
‒5
 A with 
steps of 2×10
‒6
 A.  
The error for 4PP is very small for thin and low resistivity films. Repeatability tests 
estimated the error margin at ± 4.8 Ω/square. For example, a 100 nm film of 
resistivity in the order 10
-3
 Ω·cm will have an error margin of ± 4.8×10-5 Ω·cm. 
 
3.5. Hall effect measurements 
3.5.1. Background information  
 
For further analysis of the electrical properties, Hall measurements were undertaken 
by using the van der Pauw method. This can also be used to determine resistivity to 
verify the 4PP results. The most important aspect though was the use of Hall effect 
to establish the carrier density and mobility, which is especially useful for doped 
films as it reveals the majority carriers type and hence allows classification of the 
semiconductor as n-type or p-type. 
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The technique is based on the Hall effect principle discovered by E. H. Hall in 1879, 
which refers to the phenomenon of potential difference generation across a 
conductor when it is placed under the influence of a magnetic field (B) with a current 
flow (I) along its length. This is expressed by Equation 13 
[261]  
Equation 13 
       
where V is the electron drift velocity and RH is the Hall resistance of the sample. The 
potential acts in the transverse direction to the electric field and perpendicular to the 
magnetic field as illustrated in Figure 22. 
 
 
Figure 22: Hall Effect arrangement (left) and current-voltage-magnetic field 
directions (right). 
 
Later on van der Pauw specified a configuration that resulted in an accurate 
measurement of the generated Hall voltage (VH). This configuration has limitations 
in the sample geometry and the contacts applied. According to van der Pauw 
[262]
 the 
film thickness has to be homogeneous and on a flat substrate with no gaps in the film 
(i.e. all grains are in contact). Additional requirements are that the contacts are 
I 
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B 
Voltage (V) 
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applied at the top of the surface and are small compared to the circumference of the 
sample. The use of triangular contacts was found to be most effective by Chwang et 
al. 
[263]
. As a result, the easiest and most accurate sample shape followed over the 
years is the perfect square with symmetrical ohmic triangular contacts at the corners 
as shown in Figure 22. The sheet resistance is specified in the van der Pauw 
configuration as the component of vertical (Rv) and horizontal (Rh) resistances (i.e. 
the resistances measured across the x and y direction of the sample). Two vertical 
and two horizontal sheet resistances are measured across each side of the sample 
(Equation 14 
[264]
). The values are then applied in Equation 15 stated by van der 
Pauw 
[262]
 to be solved numerically for the total sheet resistance Rs. 
Equation 14 
   
             
 
                                                
             
 
 
Equation 15 
                    
After measuring and calculating the resistivity of the sample with thickness (t), the 
Hall mobility (μH in cm
2
/Vs) can be calculated by experimentally measuring the Hall 
voltage (VH). The Hall voltage is generated under the influence of a magnetic field 
(B) and electric current (I) as expressed by Equation 16 
[262]
.  
Equation 16 
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The majority carrier density (cm
-3
) can be also calculated (Equation 17) in relation to 
the electron charge (e=1.6 x10
-19
 C). The majority carrier type can be determined 
from the polarity of the Hall voltage.  
Equation 17 
   
 
   
 
The carrier mobility is related to carrier collisions within the structure (scattering). 
There are different scattering mechanisms that could occur within a thin film, such as 
interfacial scattering, ionized and neutral impurity scattering, surface scattering, 
acoustic phonon scattering, piezoelectric scattering, scattering by dislocations, and 
scattering in the grain boundaries. Some of those mechanisms do not apply in the 
current films, such as neutral impurity scattering, which only occurs at very low 
temperatures 
[265]
.  
The interfacial scattering is related to the film thickness, and it increases at low film 
thicknesses. Hence, by increasing the overall thickness, this parameter is limited 
until it gets to the bulk mobility value (i.e. mobility increases initially linear and then 
sublinear as a function of thickness).  
The ionized impurity scattering is related to the number of ionized shallow-donor 
impurities, and it is correlated to the electron energy loss after inelastic scattering 
with donor ions 
[265]
. As a result, scattering is expected to increase with doping 
concentration due to the high concentration of ionized donors. Additionally, impurity 
mobility is inversely related to the effective mass given by the relation μI=e·τi /m*, 
where τi is the relaxation time and m* is the effective mass. At high carrier density 
the effective mass increases due to the increase of screening effect, which reduces 
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the forces affecting the electrons movements. The increase of the effective mass 
causes an increase of the ionized impurity mobility scattering. 
The acoustic phonon scattering is related to the thermal vibrations in the lattice, and 
so it contributes substantially to the electron mobility at high temperatures 
[265]
. The 
lattice scattering increases as the temperature increases. For a fixed temperature, the 
thermal vibrations are expected to be the same for each film measured under the 
same conditions. Hence, the acoustic phonon scattering is considered to have little 
effect on the mobility differences measured in the current study. 
The piezoelectric scattering applies to polar semiconductors with crystal inversion 
symmetry, which causes electrons to be scattered by acoustical phonons 
[265]
. 
However, it was found to have very little influence on the electrical properties in 
comparison to the other factors 
[265]
.  
 
3.5.2. Measurement information  
 
For this study, Hall effect measurements were carried out using a Keithley Series 
2400 Sourcemeter attached to a BioRad Hall probe station with a 0.3 T fixed magnet. 
The BioRad Hall probe station consisted of four needle probes which can be 
positioned onto the four contacts (Figure 23). The probes were connected to the 
source via a switching box. I-V was measured between contacts 1-4 and 2-3 to give 
an average. When the Hall measurement was made, I-V was measured diagonally 
across the sample between contact 1 and 3, and also between 2 and 4, both with and 
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without the magnetic field applied. The measurement for both sides is carried out for 
better accuracy and assures that the film is electrically uniform.    
For the Hall effect, the voltage was zeroed before applying the magnetic field. 
Hence, the measured voltage under the magnetic field was the Hall voltage. The 
current used for those measurements was 1 mA, as lower values resulted in very low 
potential out of the measurable limits. Note that all measurements were taken under 
room light and room temperature conditions.  
 
 
Figure 23: Van der Pauw configuration for square glass substrate with In contacts 
as used in the current study. 
 
One of the biggest issues for accurate Hall voltage measurements were the ohmic 
contacts. Due to the required geometry, the sputter coater was initially used to apply 
gold contacts with the use of an aluminium mask. The coater uses plasma energy to 
deposit gold, and so the sample was exposed to high temperatures. As a result, the 
electrical properties of the samples were altered after contacts were deposited due to 
sample annealing. To prevent this annealing, indium contacts were subsequently 
used, applied using a soldering iron (Figure 23). The samples used were squared of 
2.5×2.5 cm
2
 and the triangular contacts had approximately 3 mm wide edges.  
Film on 2.5 cm
2
 glass substrate 
Indium contacts 
4 Probes  
 
1 
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a)  b)  
c) d)  
Figure 24: Standard deviation showing the 95% error margin for the Van der Pauw 
measurements of the a) sheet resistance, b) Hall voltage, c) carrier density and d) 
carrier mobility.  
 
Propagation of error was estimated by using 20 measurements of the same un-doped 
sample. Those measurements were used to calculate the 95% experimentally 
acceptable margin for sheet resistance, Hall voltage, carrier density and mobility 
(Figure 24). The error margin for the sheet resistance was set at ±7.6 Ω/square, 
which showed that the 4PP was a more accurate technique for resistivity 
measurement. The margin of 95% for the Hall voltage was found at ±5 μV. Finally, 
for the carrier density it was found at ±2.7×10
18
 cm
-3
, and for the mobility at 
±0.35 cm
2
/Vs.  
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3.6. Photoluminescence 
3.6.1. Background information  
 
Photoluminescence (PL) provides information about the optical properties by 
examining the photons emission under radiation. The emitted photons are shown as 
peaks at a certain wavelength, revealing information about the defect states (λ 
>400 nm) and the band to band emission (for ZnO is λ<400 nm). Therefore, the 
optical gap can be measured by PL, typically shown as the highest energy peak. 
Tests by varying the experimental temperature and excitation intensity can also 
reveal the origin of the emissions by examining the emission intensity and energy as 
the conditions change.  
 
 
Figure 25: Schematic of the PL excitation and photon emission process. 
 
PL involves the photoexcitation of semiconductors by irradiation with 
monochromatic light usually from a laser. This results in photon emission during 
carrier recombination with energy equivalent to the optical bandgap, as shown in the 
schematic in Figure 25. The process consists of photon absorption that excites 
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electrons from the valence band (VB) to the excited electronic state in the 
conduction band (CB) 
[266]
. However, the excited states are unstable, and hence the 
electrons tend to „relax‟ at the bottom of the CB. The excited electrons can radiativly 
recombine with holes in the VB, resulting in either non-radiation emission (heat) or 
radiative emission of photons with lower energy than the absorbed light. The higher 
emission energy represents the optical gap energy and any lower energy emissions 
show recombinations between defect states.  The relaxation process occurs much 
faster (i.e. picoseconds) than the radiative recombination (i.e. nanosecond) 
[267]
, 
therefore the electrons typically recombine from the relaxation state under normal 
conditions. Note that hot electrons can be formed in conditions such as elevated 
measurement temperature, and recombine from the excitation state.  
 
3.6.2. Measurement information  
 
The PL measurements were carried out using a Horiba JY LabRam HR HR800 
confocal Raman microscope fitted with a Kimmon IK series He-Cd UV laser 
(325 nm, 20 mW power), schematically shown in Figure 26. Two different 
microscope objectives were used during this study, the OFR MicroSpot Focusing 
Objective LMU-40×-NUV (f2 =5 mm) used for most of the measurements, and the 
ThorLabs microscope objective LMU-15×-NUV (f2=13 mm) used for low 
temperature measurements. The detection of the full spectrum is carried out using a 
CCD detector (i.e. a Si based multichannel array detector 
[269]
), ranging from UV to 
1.5 μm [267]. In order to avoid seeing laser lines in the sample emission energies, an 
edge filter rather than a notch filter is used, available for UV lasers. The confocal 
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hole can be set from 100 nm to 1000 nm, and its adjustment may change the 
emission intensity and the detection of the reflected photon arrays, as shown in 
Figure 27. Measurements at low temperature were carried out using a Linkam 
TSM 94 temperature controlled stage, providing control over high and low 
temperatures between 600°C and -196°C. The nitrogen filled chamber used for those 
measurements restricted the sample size, thus films on 1 cm
2
 Si substrates were used.  
 
Figure 26: Schematic of the PL experimental setup 
[267]-[268]
. 
 
The samples in those tests were on either glass or on silicon in order to examine any 
emission changes caused by the substrates. The PL tests were carried out for un-
doped ZnO films first in order to separate the effects caused by doping. Those 
included growth temperature effects, excitation intensity effects, and low 
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temperature effects. The same tests were subsequently carried out for the Zr-doped 
ZnO films (thin and thicker films). The penetration depth for direct bandgap 
semiconductors is in the order of 1μm and diffusion occurs in the range 1-10 μm 
[270]
, thus in the current study the photons penetrate through all the films with 
thickness up to 250 nm. 
 
 
Figure 27: Schematic of the reflected photon arrays of focus and out-of-focus sample 
placement as they try to pass through a small confocal hole. 
 
The user has to adjust the stage position in μm accuracy (XYZ motorised stage) 
using a camera connected to the LabSpec software, in order to focus on the sample‟s 
surface. By using the software it is possible of adjusting the main parameters such as 
the confocal hole (100-1000 μm), the filter controlling the incident light intensity 
from 0.01-100%, and finally the acquisition parameters to set slower measurements. 
The collected PL signal was automatically plotted between 330 nm and 600 nm 
wavelength range for the current films. Calibration was conducted prior of each set 
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of measurements using the zero-order diffraction of a white light source to set the 
zero of the spectrometer, and using the 520 cm
-1
 Raman emission of a silicon 
calibration sample to calibrate the linear coefficient. The precision has to be better 
than two pixels (i.e. one pixel is 0.14 meV) for an accurate calibration 
[267]
, thus the 
uncertainty within that range is estimated at ~ ±0.3 meV.  
 
 
Figure 28: Schematic of the angle apertures for different sample positioning in 
regard to the lens. 
 
The resolution and depth of focus for each lens depends on the numerical aperture 
(NA), which is proportional to the angle created between the sample and the lens 
(i.e. angular aperture). Therefore, if the lens is placed closer to the sample the angle 
would increase, leading to an increase in the NA. This is shown by Equation 18 
[271]
, 
where n is the refraction rate of the medium (i.e. for air is 1), and θ is the angle 
created by the refractive light on the sample and the centre of the objective lens. 
Equation 18 
          
Therefore, practically NA could change as the stage positioning is altered. For 
example, when the motorised stage is closer to the lens the numerical aperture 
Sample 
UV Lens 
θ1 
θ3 
θ2 
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increases as illustrated in Figure 28. From the diagram θ1< θ2< θ3, hence it results to 
NA1< NA2< NA3. This will have a great effect on the focus to the film surface and 
could alter the emission properties (shift in intensity and position). For that reason, 
focus calibration to the surface was done at the beginning of each scan on every 
sample. 
The resolution (R) defined by the smaller distance between two separately scanned 
points, can be also calculated using the NA as given by Equation 19 
[269]
. 
Equation 19 
   
     
  
 
This relationship shows that at shorter laser wavelength and higher NA, the 
resolution improves. Based on the manufacturers‟ specifications for the numerical 
aperture of the lenses, the lower resolution will be for the LMU-40×-NUV lens at 
396.5 nm (NA=0.5 unit-less), in comparison to the LMU-15×-NUV lens with a 
resolution 619.5 nm (NA=0.32 unit-less).  
The excitation intensity of the He-Cd UV laser using the LUM-40×-NUV objective 
can be calculated by the power of the laser and the spot radius of the focused beam 
after it exits the objective. The power (P) is 20 mW and the focused spot radius (α) 
can be calculated using Equation 20, where λ is the laser wavelength (=325 nm), f is 
the focal length of the lens, and r is the lens entrance aperture radius 
Equation 20 
  
λ 
π 
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For the LMU-40×-NUV lens the entrance aperture has a diameter of d=5 mm and the 
LMU-15X-NUV lens has d=8.5 mm. Therefore, α is equal to 0.21 μm and 0.32 μm 
respectively. The excitation intensity (I) radiated at the focused spot area is given by 
Equation 21. 
Equation 21 
  
 
   
 
The excitation intensity is equal to 14.87 MW/cm
2
 for the LMU-40×-NUV and 
6.36 MW/cm
2
 for the LMU-15×-NUV. The excitation intensity could be reduced by 
applying filters blocking the full beam power. The ones used to examine the intensity 
effect on the PL emission were at 10% (1.49 MW/cm
2
), 25% (3.72 MW/cm
2
), 50% 
(7.44 MW/cm
2
) and full intensity at 100% filter. For both lenses the damage 
intensity is at 50 MW/cm
2
 according to the manufacturers.  
 
3.7. UV-Vis Spectroscopy 
3.7.1. Background information  
 
UV-Vis spectrophotometers measure the light absorbed by samples as a function of 
wavelength. The spectral range for those measurements includes UV, visible and 
near infrared light. When the photon energy is greater than the optical gap, the 
photons are absorbed, while at lower energies they are transmitted.  
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Figure 29: Schematic of the light directions reaching the sample’s surface during a 
spectrophotometer measurement. 
 
Three different graphs can be obtained from a single scan, consisting of absorbance, 
reflectance and transmittance. All three are directly related as shown in Figure 29. 
The transmittance (Tr) is determined by the ratio of light passing through the sample 
(I) over the incident light intensity (I0), as shown in Equation 22 
[272]
. 
Equation 22 
   
 
  
 
The reflectance is then directly related to transmittance as shown in Equation 23. The 
relation shows that as transmittance increases the reflectance decreases.  
Equation 23 
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The absorbance spectrum corresponds to the light absorbed by the sample. The 
relation of the absorbance (A) to transmittance is given by Equation 24 
[273]
.  
Equation 24 
             
 
  
 
The reflectance is also related to the refractive index (n) of the film, as shown in 
Equation 25. The reflectance is expected to be higher in a film with high refractive 
index, which in turn reduces the transparency. 
Equation 25 
  
      
      
 
The spectrophotometer scans provide raw data of transmittance percentage over a 
range of wavelength, which can be used to plot a graph such as the one showing in 
Figure 30. The graph shows two of the 4.8 at.% doped samples with different 
thicknesses in order to illustrate the information gained from this technique. Firstly, 
the average transmittance for each region is taken by the integrated area within the 
spectrum regions of the visible light at 380-780 nm 
[274]
, the near infrared at 780-
1400 nm, and the short wave IR range at 1400-2000 nm. The values are then 
normalised with respect to uncoated glass substrate transparency (i.e. 91% at visible 
and 90% at near IR). For n-type TCOs high transparency in the visible region 
[144]
 
(shown in the red covered area in Figure 30) is required. 
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Figure 30: Transmittance spectra of 83 nm and 250 nm thick films with 4.8 at.% 
doping, used for explaining the main four data points obtained from a transmittance 
graph. 
 
The oscillations in the short wavelength region which are denser in thicker films 
correspond to interference of the reflected light between the film-surface and film-
substrate interface. Hence, thicker films have more internal reflections and higher 
interference causing increased frequency oscillations. The increase of oscillations in 
the visible range will result in higher transmittance area and therefore to increase of 
the visible transmittance, which is more desirable for n-type TCOs.  
The final two points are the absorption edge and plasma edge indicating the start and 
the end of the transmittance range respectively. The absorption edge shows the 
wavelength at which the sample is starting to transmit light, so it is related to the 
optical gap. For TCOs the absorption edge needs to be in the UV region in order to 
enable full transmission from the UV to near IR wavelength 
[39]
, so the optical gap 
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should be higher than 3.1 eV (< 400 nm). Numerical optical gap values are obtained 
by applying the absorption range in the Tauc relation (see chapter 6). 
The plasma edge on the other hand, relates to the carrier density of the film as the 
line slope is proportional to the plasma frequency which in turn is proportional to the 
carrier concentration based on the Drude model (i.e. ne   ωp
2
). For TCOs the plasma 
edge has to be at the short wave IR region (>1400 nm as shown in the green area in 
Figure 30) in order to secure high transmittance in visible and near IR spectra. This 
is always the main issue for degenerate films since the plasma edge is shifting to 
shorter wavelength as the carrier density increases. 
The Drude model was developed by Paul Drude at the beginning of the 20
th
 century 
and is based on some assumptions. Those include the assumption that electrons do 
not interact with each other, that electrons scattered in time τ, and that electrons 
mobility is based on the free electron equation 
[276]
. However, the changes in the 
effective mass as a result of the high carrier concentration may cause differences 
between the model and Hall effect data if a fixed value is used. For the Drude model 
calculations the conductivity effective mass (m
*
) is used as a constant in order to 
estimate the carrier concentration (ne) using vacuum permittivity (ε0) and electron 
charge (e) in Equation 26 
[276]
. 
Equation 26 
   
  
      
  
 
The carrier mobility was estimated using the Drude model through the damping 
factor. The damping factor was used to specify the relaxation time (τ) corresponding 
to the time between the carrier scattering elastic collisions, which is linearly 
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proportional to the mobility of the film (Equation 27). As a result, the resistivity can 
be calculated at this stage using Equation 28. 
Equation 27 
  
   
  
 
Equation 28 
  
 
      
 
 
3.7.2. Measurement information  
 
In this thesis, the UV-Vis transmission was carried out using a Shimadzu Solid Spec-
3700DUV dual beam spectrophotometer, with a resolution of 0.1 nm 
[275]
. The 
measurements had 4.7 nm steps and a wavelength range of 250-2600 nm. The 
transmittance and reflectance raw data were analysed using SCOUT 3.0 spectrum 
simulation software which enables line fitting to the raw data and provided data such 
as the absorbance spectra (absorption coefficient), plasma frequency (ωp), and the 
damping factor. From those data, the carrier concentration, carrier mobility and the 
film‟s resistivity could be estimated with the use of the Drude model. The effective 
mass of ZnO used as fixed at this point was 0.4m0*. 
From the manufacturer details, the wavelength error margin for UV/Visible spectrum 
is ±0.2 nm, and for near IR spectrum is ±0.8 nm 
[275]
. Therefore, by applying those 
shifts in the wavelength, the bandgap measured by the Tauc relation was calculated 
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to be shifted by ±0.04 nm, thus it is set as the error margin for those calculations. 
The stray light specified by the manufacturer is less than 0.00008% for UV and less 
than 0.005% at the end of the measured range 
[275]
. Therefore, the error margin for 
the transmittance percentage is very low and can be neglected. Nevertheless, an error 
margin of ±0.3% was accounted after measuring the visible transmission by using 
different spectrum ranges (e.g. 400-800 nm, 390-700 nm, etc) found in published 
studies.  
 
3.8. X-ray Diffraction 
3.8.1. Background information  
 
X-ray Diffraction (XRD) is widely used as a reliable and quick scan technique (i.e. 
no special sample preparation), used to provide information about the microstructure 
of samples. With the use of X-rays the lattice planes diffract the rays in a way that 
shows if the planes are aligned and comply with the Bragg‟s law. Bragg‟s law states 
that diffracted rays from parallel planes are in phase and hence amplify the detected 
intensity 
[277]
, while if the planes are aligned randomly the diffracted intensity is 
cancelled out. The Bragg‟s law occurs at a specific diffracted angle (2θ), which is 
unique for a set of crystalline planes direction. Hence, the crystalline phase can be 
identified using reference card files. Additionally, the dominant peak can reveal the 
preferred orientation of the grains. Further analysis reveals the crystallite size and the 
d-spacing between the planes indicating if there is any strain in the lattice.  
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Figure 31: Bragg-Brentano geometry. 
 
The X-rays are generated when electrons are emitted by a heated cathode, and then 
accelerated by a large electric field between the cathode and the anode of a vacuum 
tube, and finally fall at the target material at the anode to knock electrons in K and L 
shells releasing radiation. The most commonly used material is copper, in which the 
accelerated electrons knock out K-shell electrons resulting in X-rays from Kα and 
Kβ radiation. In order to have monochromatic X-rays, the Kβ and all other radiation 
is suppressed by an added filter, thus the generated X-rays create diffraction of 
wavelength 1.54 Å. The wavelength must be a few Å so that it is the same order of 
magnitude as the interatomic spacing of atoms in the lattice.  
The monochromatic diffraction allows the use of the Bragg-Brentano geometry 
(Figure 31) so that with fixed X-rays wavelength the incident angle can be varied. 
Based on this geometry, the X-ray tube position is fixed, and the sample‟s holder is 
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driven by the same mechanical drive system as the detector (the detector moves 2° 
for every 1° of the sample). The rotation follows a circular axis resulting in a 
variable incident angle „θ‟ (diffracted angle is 2θ). The condition for this geometry is 
that the rotation path must be always fixed (measured curvature), and the sample‟s 
surface must always align to the holder and be flat.  
 
 
Figure 32: Bragg’s law. 
 
The distance between the planes (d-spacing) in relation to the X-rays wavelength (λ) 
can be calculated by the Bragg‟s law (Figure 32) given in Equation 29 [278]. 
Equation 29 
          
Information about the crystal structure and unit cell dimensions can be obtained from 
the diffraction pattern. The lattice constants for a-axis and c-axis can be calculated 
using Equation 30 and Equation 31 respectively, for hexagonal structures such as the 
ZnO wurtzite.  
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Equation 30 
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√         
Equation 31 
       
 
     
  
Based on those, the d spacing for each plane can be calculated using Equation 32-35 
for       ,     ̅  ,     ̅   and     ̅   planes. 
Equation 32 &Equation 33 &Equation 34 & Equation 35 
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The strain value can be estimated by calculating the relation between the idealised d-
spacing value (d) and the difference between the d value and the recorded for d-
spacing values (Δd), using Equation 36. 
Equation 36 
   
  
 
 
The full width half maximum (FWHM) of the peak (B), the crystal size (L) and the 
constant of proportionality (i.e. K=0.94) can be used to calculate the grain size using 
the Scherrer equation (Equation 37) 
[278]
. The assumption for this relationship is that 
the crystals have uniform size and shape, with grains smaller than 200 nm. The 
instrumental peak broadening is larger than the broadening due to grain size for 
crystallites smaller than 20 nm, hence, the size cannot be accurately calculated using 
Chapter 3                                                                                               Experimental processes 
87                                                                                                                                                                                                     
this method for grains smaller than 20 nm. According to the data obtained by AFM 
and TEM on the current films, the grains have needle-like shape crystallites and in 
very thin films (<100 nm) the grains are smaller than 20 nm in width. Thus the 
method was not used in this study as not all films can be accurately compared, 
instead AFM was used. 
Equation 37 
      
  
     
 
The peaks‟ intensity consists of parameters affecting the crystal characteristics of the 
sample. For example, the heavier elements (i.e. high atomic number) will result in 
high structure factor (Fhkl) that could enhance the diffracted intensity. Other 
parameters are the multiplicity factor (Mhkl) based on the number of similar planes 
that could contribute to the reflection (e.g. for (0002) it is 2 and for     ̅   it is 6), 
the Lorenz-Polarization factor based on the geometry of the crystal and its correction 
value for the un-polarised incident beam. Finally the temperature factor (e
‒2M
) that 
takes into account any unit cell expansion due to thermal vibration. The relation for 
reflection (hkl) with intensity (I(hkl)a), is given by Equation 38 
[277]
 with the Lorenz-
Polarization factor given in the parenthesis and the temperature factor‟s M 
exponential given in Equation 39. 
Equation 38 
           
         |       |
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Equation 39 
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)
 
 
where the factor B is the isotropic temperature factor and is usually neglected 
[277]
. 
Nevertheless, the resulting value for the total temperature factor in our data is close 
to 1 (i.e. 1.03 with ±0.0001 uncertainty due to angle shifts), which indicates 
negligible effect due to thermal expansion of the unit cell.  
The structure factor expresses the sum of atoms‟ interferences in the unit cell 
(Equation 40 
[277]
). This depends on the atoms positions in the crystal along with 
their individual atomic scattering factor (f). Therefore, in some cases the atoms are 
placed at out of phase planes and cause extinction. In other words, those reflections 
are forbidden by the structure factor and they are not visible in XRD patterns 
[279]
.  
Equation 40 
     ∑                   
 
   
  ∑                    
 
   
 
The atomic scattering factor represents the amount of coherent and incoherent 
atomic electron scattering (photoabsorption) of a material when exposed to X-rays 
[280]-[281]
.  Those values can be found in the International Tables of Crystallinity 
[280] 
for each element at different scattering angles. The denser atoms have higher 
scattering factor (i.e. Zr). Thus, if the structure factor calculation indicates that Zr 
atoms are located at an in phase plane, then the structure factor would be altered as 
doping increases, and may cause differences in the XRD peak intensities (see 
analysis in chapter 4). 
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3.8.2. Measurement information 
 
XRD was carried out using a Rigaku Miniflex Diffractometer in the Bragg-Brentano 
geometry with Cu Kα X-ray source (1.54 Å, 40 kV, 50 mA). The samples were 
placed in the metallic holders and were carefully aligned to the horizontal top edge 
of the holder. The scan parameters such as the angle range and the speed scan were 
set using the “Standard Measurement” software. Based on the equipment 
arrangement, all scans must start higher than 5° as the X-ray tube is fixed at 5° 
higher than the sample holder. Hence, the range of the scan was always set between 
20°-60°, covering all the primary planes of ZnO that start from 31° (above 60° the 
secondary diffraction planes appeared, such as the     ̅   plane at 67°), and avoids 
a very strong feature of the (400) plane of the Si substrates at around 70°. The speed 
for each scan was set at one degree per minute, which is a quick scan as the films 
showed high signals in relation to noise. The background noise was then removed 
from the patterns obtained using the “Peak Search” software, and then for further 
analysis the Gaussian function was used for peak fitting using OriginPro8.6. From 
the analysis the d-spacing of each plane along with the strain in the lattice were 
obtained for films on silicon and glass substrates.  
The experimental patterns were compared to reference card files from the chemical 
database service (CDS) in order to specify the phase of the sample and identify the 
corresponding plane for each peak. An example of an experimental pattern is shown 
in Figure 33 for ZnO randomly oriented powder, in addition to the Si wafer pattern. 
The Si pattern was later on used in XRD patterns of the films (chapter 4) to exclude 
the peaks originating from the substrate. However, the powder was not used as a 
reference due to possible errors in peak position by its alignment to the holder (i.e. 
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placed below the top edge of the holder). Note that the intensity ratio was not 
affected by that factor, and so it was used for peak intensity normalisation. The 
normalisation factors are summarised in Table 4. 
 
 
Figure 33: XRD pattern of ZnO randomly oriented powder and Si substrate (the 
intensity was increased by 5 times for better visual comparison). 
 
The Si (100) wafers used as substrates for the ZnO films, caused the appearance of a 
peak at 33° corresponding to the (200) plane. As the peak did not appear in every 
scan, several scans were undertaken and concluded that the peak appeared only when 
the Si sample was in the middle of the holder and precisely horizontally aligned to 
the holder. As a result, the patterns with the Si peak were preferred for the analysis 
since it proved accuracy in sample placement.  
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Table 4: Normalisation factors based on the measured intensity of ZnO randomly 
oriented powder. 
Peak Normalisation factors  
    ̅   0.55 
(0002) 0.32 
    ̅   1.00 
    ̅   0.29 
    ̅   0.65 
 
The errors based on the Rigaku manual include the sample displacement that could 
result in 0.01° peak shift for every 60 μm higher or lower to the holder alignment. 
Other factors may also affect the accuracy of the data, including very large grains, 
axial diverge and preferred orientation. The latter one affects the intensity of the 
peaks by favouring the one in which the grains are aligned, suppressing all the other 
deflections.  
 
Table 5: Error margins set for the three main peaks. 
Plane Peak shift (°) Lattice spacing 
(Å) 
Strain (%) 
    ̅   ±0.02 ±0.0032 ±0.07 
(0002) ±0.02 ±0.0015 ±0.06 
     ̅   ±0.20 ±0.0032 ±0.13 
 
Based on multiple measurements on the same sample (Zr-doped one), the error 
margins by peak shifts (repeatability error) were set for each one of the main peaks. 
Thus, the margins corresponding to peak shift, lattice spacing and strain are shown in 
Table 5.  
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3.9. X-ray Photoelectron Spectroscopy 
 
Einstein‟s equation for the photoelectric effect was the initial theorem which was 
subsequently used by other researchers to develop the electron spectroscopy. Kai 
Siegbahn and his team in the late 1950s developed a high resolution beta-ray 
spectrometer, where each peak corresponded to a specific electron shell and 
chemical bonding effects could be derived 
[282]-[283]
. The Electron Spectroscopy for 
Chemical Analysis subsequently developed by the same team 
[284]
, and along with 
the vacuum chambers advanced at that time it was developed into the X-ray 
photoelectron spectroscopy (XPS) device as known today. 
XPS is used in semiconductor research in order to study chemical composition and 
bonding states. During the process, the sample‟s surface is irradiated with photons 
from a soft X-ray source or a synchrotron 
[285]
. Poorly conductive materials readily 
become charged during XPS, resulting in meaningless results. An ion gun can be 
used to resolve this issue by neutralising the surface charge.  
The equipment used is a FISONS VG Escalab MKII Scientific XPS, with Al Kα 
radiation as the X-ray source and photon energy of 1486.6 eV. For each sample a full 
survey scan was recorded over the binding energy (BE) range from 0 to 1286 eV, 
and then four extra scans were completed over the main core-level elements for Zn, 
O, Zr and C (the carbon is  used for referencing). The step size was 0.1 eV, and the 
constant pass energy was 50 eV for the full scan and 20 eV for the individual 
elements scans. 
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Figure 34: Schematic of the XPS radiation and photoelectron excitation process. 
 
During this process (Figure 34), the photon energy (hv) from the incident X-rays is 
absorbed by electrons from different inner shells and ionized, resulting in ejecting 
photoelectrons 
[286]
. All measurements must be carried out in ultra-high vacuum (i.e. 
10
‒7
 Pa) to prevent scattering by air molecules. The X-rays penetrate up to 1μm 
depth, but the electrons that are ejected from the sample are only coming from atoms 
closer to the surface (up to 10 nm) because electrons from deeper can‟t escape as 
they are inelastic scattered. 
By assuming no loses in the process, the X-rays‟ photon energy (hv) is equal to the 
sum of the BE, the work function (Φ) and the kinetic energy (KE) of the ejected 
photoelectron measured by the detector (Equation 41). The binding energy is the 
energy needed to ionise and emit the electron from the shell up to the Fermi level. 
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The BE is unique for each element, hence it is used to specify the composition and 
the atoms chemical bonding. The sample‟s work function, which is the energy up to 
the vacuum level, is aligned to the spectrometer work function (Φspec) and hence the 
latter energy is used. The BE can then be estimated by measuring the kinetic energy 
of the ejected electrons. The data obtained are in the form of peaks corresponding to 
BE of individual atoms. The peaks originating from each core levels may exhibit 
double peaks due to spin orbit splitting.  
Equation 41 
               
Photoelectrons in the solid may interact with other electrons, resulting in an 
electronic transition which causes energy loses to the photoelectrons 
[286]
. The loss is 
known as inelastic scattering and it is shown as background noise. Inelastic 
scattering is one of the main issues of XPS as it limits the extraction information to 
only the top surface layer. In more detail, the photons from Al Kα have energy 
enough to insure accurate results only up to 2 nm deep in the film. However, the 
minimum path estimated without inelastic scattering is referred by the term inelastic 
mean free path (IMFP) estimated separately for each element 
[285]
. The calculation of 
IMFP can be done theoretically with the use of Equation 42 
[287]
, and experimentally 
with the use of elastic peak electron spectroscopy (EPES). The elastic electron 
backscattering ratio of intensities is used to calculate IMFP experimentally.  The 
surface roughness has no effect on the IMFP 
[288]
.  
Equation 42 
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The IMFP (Equation 42) is therefore related to the kinetic energy (KE) of a specific 
element. IMFP is converted into nm when is multiplied by the monolayer thickness 
(αm). To calculate the monolayer thickness in nm Equation 43 
[287]
 is used.  
Equation 43 
  
  
  
     
      
where Aw is the atomic molecular weight, n is the number of atoms in the molecule, 
NA is Avogadro‟s number, and ρd is the bulk density in kg/m
3
. For the current ZnO 
films the value α is estimated as 0.23 nm. 
The IMFP calculation is based on the assumption that the electrons signal travel in 
straight lines and the sample is atomically flat 
[287],[289]
. This leads to a different 
approach, where the attenuation length (AL) is used instead of the IMFP, and it is 
relative to the atomic number (Z) of the elements by Equation 44 
[289]
.  
Equation 44 
          
    {
  
        (
  
  )    
  } 
IMFP or AL is used in the quantitative analysis, which can be completed by two 
methods. The first one is the comparison of each element‟s intensity by including 
standard sensitivity factors established by bulk materials. However, the method is 
not considered as the most accurate, due to the difference in contamination between 
the samples and the reference 
[290]
. The second method is the comparison of 
intensities by using first principles, in which the photoelectron current is 
proportional to elements‟ concentration [290]. The first principle approach involved 
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the use of independent parameters for each element, including IMFP (or AL) and the 
subshell photoionisation cross-sections established by Scofield (i.e. Scofield factor) 
[291]
. The atomic percentage could be then estimated by the peaks intensity of each 
element (I), the IMFP (λn), and by the Scofield factor (S) using Equation 45.  
Equation 45 
     
(
  
     
)
(
  
     
)  (
  
     
)  (
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The limitation of this approach is that it assumes that the surface is uniform and that 
the scan is only from the top monolayer 
[290]
. Therefore, the roughness of the surface 
layer may affect the quantitative results. This was first introduced by Fadley et al. 
[292]
, who examined the correlation of the photoelectron angular distribution and 
surface roughness, and found that the surface intensity is reduced by surface 
roughness, most probably by photoelectron scattering. Hence, this method had 
limited accuracy for rough surfaces, since photoelectron scattering increases when 
protrusion areas recapture the photoelectrons injected 
[288]. 
The roughness effect at 
different angle scans was the subject of several studies, where mainly it was 
specified that at low angles the surface topography affects the detected signal 
[293]
. 
Therefore, it was suggested that X-ray beams remain perpendicular to the faces of 
the rough surface, so that the photoelectrons emitted in a relative angle to the X-rays 
will be less disrupted, providing more accurate results 
[294]
.  
 
The photoelectron recapture effect may affect the XPS measurements in this study. 
Hence, although the dopant may be effectively deposited around the ZnO grains, the 
XPS may not be able to identify it due to the protrusion areas created by the grains 
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size and shape. In order to explain this, Figure 35 schematically illustrate how the 
incident X-rays reaches the surface and how the photoelectrons path is affected by 
the surface morphology. The image shows that the film with large grains and low 
surface roughness is causing less obstructing to the photoelectron path compared to 
the mixture of small and large grains. As the grains became narrower, the restricted 
photoelectron path is again affected, and thus it is possible to see lower XPS peak 
intensities. As a result, the morphology differences in the current data do not allow 
obtaining accurate composition of the films with XPS due to the photoelectron 
scattering effects.  
 
 
 
Figure 35: Schematic of the photoelectron scattering effects for a) low roughness 
surface, b) high roughness surface, and c) for films with narrow grains. The red 
arrows indicate the incident X-rays and the green arrows the excited photoelectrons, 
which some of them are absorbed (grey circle) by the grains located in the path. 
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3.10. Transmission Electron Microscope 
 
Transmission electron microscope (TEM) is a technique that uses an electron beam 
to create an image of the target, rather than light that is used in the optical 
microscopes. As a result, the images can achieve a much higher magnification and 
resolution due to the low wavelength of the electron beam (i.e. in 10
-3
 nm). The 
images obtained by TEM can achieve near atomic resolution and hence enable 
observation on crystal planes. TEM is widely used in material science to study 
crystalline microstructures (e.g. identify lattice patterns or find lattice defects such as 
stacking faults). It can also provide elemental analysis using energy dispersive 
spectrometry (EDS). The main limitation for TEM is that it requires very thin films 
(<100 nm) as the images are obtained by transmitting the electron beam through the 
sample, which is not possible with thicker samples. There are some fundamental 
differences between TEMs and light microscopes. Firstly, the electron beam path 
must be in vacuum to avoid electrons scattering. Additionally, the lenses used are 
always electromagnetic due to the inability of electrons passing through common 
glass objective lenses 
[295]
. Hence, the formation of TEM images is the result of 
focusing the incident electron beams by using those EM-lenses.  
A graphical example is shown in Figure 36, illustrating the three main planes in 
TEM including the image plane, focal plane of objective lens and specimen plane 
[296]
. As shown by the arrows direction, the incident beam is transmitted through the 
specimen plane, and then the transmitted and diffracted beams are focused to the 
back focal plane with the use of magnetic objective lenses. The beams in phase form 
bright spots and the out-of-phase ones cancel each other. The screening of the 
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diffraction area is presented as reciprocal lattice points for the diffracted orientations 
[297]
. Those are diffraction dots and for polycrystalline samples they form diffraction 
rings. This results in the formation of an electron diffraction pattern. A mathematical 
algorithm known as the fast Fourier transform (FFT) is used to generate the 
diffraction pattern from a real space image of the lattice. An FFT consists of bright 
dots representing planes, in an arrangement based on the crystal structure and 
orientation. The image is obtained after changing from the diffraction mode to the 
image mode by using the intermediate lens 
[298]
. The change is carried out when the 
focus of the intermediate lens changes from the back focus plane of the objective 
lens to the image plane of the objective lens.  
The use of FFT images is an accurate method of measuring the lattice spacing by 
taking the distance between the dots (planes). The FFT patterns are well defined for 
each crystal direction, and so any lattice distortions can be identified by comparing 
the measured values to literature. Another method to measure the lattice spacing is 
the use of an intensity profile plot obtained from the real space image of the lattice. 
The dominant orientation in a sample can be identified by using the electron 
diffraction patterns, which corresponds to the brighter diffraction rings. The rings 
order is the same as the XRD peaks, corresponding to     ̅   orientation for the 
inner ring, then the next one to (0002), etc. For ZnO, the electron diffraction patterns 
have been studied since 1935 
[299]
. 
EDS can be used to analyse the sample composition, it uses a range of X-ray 
wavelengths to identify the elements in a sample 
[298]
. This is similar to the method 
used to generate X-rays in XRD, although with EDS the anode target is the sample 
itself. As a result, when the accelerated electrons hit the atoms and knock a K or L 
shell electron, X-rays are generated and emit radiation with energy unique for each 
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atom. This technique is more accurate and sensitive for atoms with an atomic 
number higher than 10 as they have both K and L shells and releasing radiation at 
two wavelengths. Therefore, two peaks provide a more definite identification than 
just a single peak.  
 
  
Figure 36: Schematic of the TEM ray paths, based on 
[296],[298]
 
 
For this study a JEM-2100 LaB6 TEM was used to analyse a small number of films 
on Si. The samples were polished to 2 μm2 area and 10 μm depth using a focused ion 
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beam (FIB) (FEI Helios 600i FIB dual beam SEM). Briefly, with the sample tilted 
perpendicular to the ion beam (52° with respect to the electron beam) a protection 
layer of carbon was deposited onto the sample surface. Ga
+
 ions of a specific 
accelerating voltage were then utilised to remove material at a controllably rate from 
the bulk, and then the exposed cross-section was polished with a recipe of reducing 
energies until the finer features were revealed. The polished samples were then 
mounted on TEM grids for microscope analysis. The images were used for thickness 
estimation, identification of the grains‟ orientation, and lattice spacing calculation.  
All the TEM images and FIB polishing were conducted by Dr. Kerry Abrams.  
 
3.11. Atomic Force Microscope 
 
Atomic force microscope (AFM) was first developed by Binnig and Quate 
[300]
 in 
1985, as a method of scanning samples with inter-atomic forces between single 
atoms. The use of an optical technique to detect the position of the tip on the sample 
surface allows AFM to image non-conductive as well as conductive materials in 
atomic scale, which is ideal for samples charging up in electron microscopes. The 
small forces moving the cantilever beam (i.e. 10
-18
 N) 
[300]
 provide high sensitivity in 
relation to other methods such as scanning tunnelling microscope (STM). 
The configuration consists of a flexible cantilever beam connected to a sharp tip, a 
laser source, a detector system, and an XYZ position control stage on which the 
sample is placed (Figure 37). The sample moves under the tip and the features on the 
sample cause movement of the tip and the cantilever attached. The laser beam is 
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focused onto the back of the cantilever and then it is reflected onto a split optical 
sensing system (photodiode detector). Hence, the movements of the cantilever cause 
changes of the laser beam position and a differential voltage is generated as the 
position of the laser beam changes on the photodiode. Hence, the differential voltage 
is used to obtain information about the deflections of the cantilever. The data provide 
surface height information over small (e.g. 500 nm
2
) or larger areas (e.g. 5 μm2).  
  
 
Figure 37: Schematic of the AFM main components arrangement. 
 
The information obtained by AFM is strongly affected by the properties of the spring 
(flexible part of the cantilever) and the tip 
[301]
. The spring should have high resonant 
frequency in order to reduce the vibrational noise effect, which can be controlled via 
a high and unvarying ratio of the spring constant k and spring effective mass mo 
[300]
. 
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High aspect ratio tips are also suggested to avoid electrostatic cantilever-sample 
interaction, which may result in a capacitive force 
[302]
. 
AFM operates in typically two modes, the contact mode and tapping mode. The 
contact mode consists of the tip contacting the sample‟s surface, with finite forces 
that deform the tip and sample 
[301]
. The tapping mode on the other hand consists of 
forces that deflect the tip in a constant distance from the sample‟s surface at 40-50Å 
[301], hence, it is preferred for scanning „soft‟ materials such as organic materials.  
The AFM used in this project was the Bruker Multimode 8, which was connected to 
NanoScope software that controlled the scanning parameters, such as the frequency 
of cantilever (scanning speed), image quality, etc. Noise turbulence was a great issue 
in obtaining good quality images, although the vibration disruptions are partially 
minimised by the vibration absorbed floor and through an acoustic isolated 
environment with the use of a foam cover. Using the foam cover did not show a 
difference in the images, hence it was not used. The parameters providing the best 
quality images were at frequency 1 Hz and 1024 pixel image using the ScanAsyst 
mode, since the contact mode was highly affected by the noise vibrations. The 
ScanAsyst mode is an improved technology of tapping mode developed by Bruker to 
help the users obtaining better quality images by automatically adjusting the 
scanning parameters and eliminating the cantilever tuning. This mode uses precise 
controlled force curves to generate an image, protecting in that way delicate films 
[303]
. The tip radius used for this mode is 2-12 nm, indicating the resolution of the 
scan. 
From the software, the topographic images showed the surface scanned height and 
tip friction along the surface, although in this project only the height related images 
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will be analysed. Those were later on analysed to obtain the root mean square 
roughness (RMS), the average roughness (Ra), the maximum height, and the image 
surface area. The RMS and Ra are widely used terms that express the roughness of 
the surface, with the calculation formulas being the only difference between them. 
The numerical value of RMS is higher than Ra as it uses the square root of the sum 
of height difference, and so a large height feature will affect more the RMS value. 
The Ra uses the average of individual heights. Most of the studies related to the 
current work used the term RMS to express the level of surface roughness, hence, 
RMS data are the only data presented in this study in order to compare them with 
literature. RMS is expressed by Equation 46 
[304]
, where z is the grains height and N 
is the number of grains. From the relation is shown that RMS is high with larger or 
sparse grains. However, the relation was not actually used for calculations since the 
RMS values were automatically estimated by the NanoScope Analysis software.  
Equation 46 
   √
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Chapter 4 
Effects of Zr doping on the 
microstructure of ZnO films 
 
4.1. Introduction 
 
This chapter focuses on the microstructure of both Zr-doped and un-doped ZnO 
films. Microstructure plays an important role in determining the optical and electrical 
properties of TCOs and it is therefore essential to understand how it is affected by 
doping, film thickness and also by growth conditions. The microstructure in this 
work has been investigated using XRD, AFM and TEM to reveal information about 
the grains preferred orientation and the crystallite size. 
Particular focus is given to the preferred orientation of the crystallites and how it is 
affected by the film thickness. Recently, Singh et al. reported orientation shift in 
ZnO films deposited by ALD, from c-axis to a-axis as the film thickness increased 
[226]
. The current work will analyse this effect further by identifying the thickness at 
which the orientation is shifting to a-axis by using different thickness films and using 
mathematical models of the surface and strain energies that drive the preferred 
orientation. This analysis is carried out using un-doped and Zr-doped ZnO films. 
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4.2. Effect of growth temperature on un-doped ZnO 
 
The microstructure of un-doped ZnO thin films was investigated as a function of 
growth temperature. AFM was carried out on ZnO films grown at 150°C, 200°C, 
250°C and 275°C with 500 cycles of ALD. Figure 38 shows detailed area (500 nm
2
) 
scans of these samples (excluding 150°C as it is very similar to the 200°C result). 
The height topography across selected cross sections is shown as dotted lines in the 
figures.  
 
 
Figure 38: AFM images of un-doped films grown at a) 200°C, b) 250°C, and c) 
275°C. The dotted line section shows the height changes of the surface map, which 
was used to estimate the length of one grain in each image.  
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The root mean square (RMS) values obtained using the NanoScope Analysis 
software, do not show much variation, ranging from 2.25 nm (250°C) to 2.34 nm 
(275°C), with the 200°C film having RMS=2.31 nm. The small variation indicates 
negligible changes in surface roughness as temperature increased, although the 
grains appear different in shape. From the three films, the grains appear as needle 
shaped at the low temperature with features of 50-60 nm length. It is assumed that 
the length of the needle shaped grains is the c-axis and their width is the a-axis. The 
grains in films grown at 275°C appear rounder in shape compared to the ones at 
200°C, while the grains at 250°C appear both elongated and round. The round grains 
could be elongated grains oriented perpendicular to the substrate. It is difficult to 
accurately assess the length of the grains along the c-axis using AFM as the 
orientation of individual grain is unknown. It is, however, possible to estimate the 
width of each grain along the a-axis by measuring the shortest dimension of the 
AFM features.  
The a-axis dimensions at low temperature are approximately the same as the width 
of the round feature at high temperature after measuring the average dimensions of 
the grains using AxioVision Rel. 4.8 software (i.e. 24.7 nm width at 200°C and 
23.2 nm at 275°C). The grains‟ height on the other hand presented by the plotted 
peaks shown on the AFM images, was shown to increase at 275°C indicating 
possible transition of the grains orientation. As a result, the surface topography 
indicates that as the temperature increases the grains become more perpendicular to 
the substrate (i.e. grains lie perpendicular to the image angle and so appeared 
rounder, but are still needle shaped).  
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In order to support the AFM data and specify the grains orientation, XRD 
measurements were carried out on the same samples. The measurements are 
displayed in Figure 39, consisting of XRD diffraction patterns of 99-62 nm films 
grown from 150-275°C (i.e. thickness reduced with temperature increase as the 
number of cycles was kept fixed but the growth rate was decreased). The graph also 
shows the reference patterns of hexagonal wurtzite ZnO by space group P63mc 
[305]
 
and the diffraction pattern from uncoated Si wafer substrate.  
All the films are polycrystalline, with the highest intensity peak typically indicating a 
preferred orientation in that plane. The current films grown at low temperatures 
show dual orientation (two peaks are dominant) with a rise of (0002) and (   ̅ ) 
peaks corresponding to the c-axis and a-axis orientation respectively. At high growth 
temperature the (0002) orientation is the most favourable as the (    ̅ ) peak 
gradually suppresses and disappears. The     ̅   peak is very small and broad in all 
films, although in the reference pattern it has the strongest signal. The (   ̅ ) peak 
does not appear, but the     ̅   diffraction appears as a very small peak up to 
225°C. From the reference pattern the (   ̅ ) peak has the lowest intensity of all 
diffractions, hence, it is very difficult to be seen, especially when its related peak 
    ̅   is very low. The suppression of the planes in the z-direction such as     ̅   
and     ̅   suggests that the grains are closed packed as grown horizontally or 
perpendicularly to the substrate, hence, there is no much space for grains to grow in 
other directions. Note that the existence of both (0002) and (   ̅ ) peaks do not 
correspond to planes of the same unit cell as the cells oriented in the c-axis do not 
allow diffractions of a-axis planes. Therefore, the a-axis diffractions refer to grains 
oriented in the a-axis and the c-axis to grains oriented in the c-axis direction. 
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XRD results are therefore consistent with AFM, with the 200°C film showing 
elongated grains corresponding to a-axis oriented grains, and with the 275°C film 
showing smaller round features corresponding to c-axis oriented grains (i.e. vertical 
to the substrate). Additionally, as shown in AFM the elongated grains were reduced 
in number at 250°C, which agrees with the intensity reduction of the (   ̅ ) peak, 
while the rounder features increased accordingly to the (0002) XRD peak intensity. 
As temperature reach its maximum of 275°C, no elongated grains appeared in AFM 
which corresponds to the disappearance of the (   ̅ ) peak in XRD. The data 
agreement between the two techniques at this stage suggests that the grains at low 
temperature grow parallel to the substrate, while as temperature increased the grains 
gradually grow in direction perpendicular to the substrate.  
 
Figure 39:  XRD patterns of ZnO films (500 ALD cycles), with reference patters 
displayed for comparison to Si substrate pattern (see chapter 3) and ZnO pattern of 
space group P63mc 
[305]
. 
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Figure 40: XRD and AFM data comparison of similar thickness films (55-62 nm) 
grown at 200°C and 275°C respectively. 
 
The growth temperature appears to affect the degree of orientation shown by the 
increased XRD intensity. However, it has to be examined whether this is an effect of 
having different film thickness. A direct comparison of XRD and AFM data is 
shown in Figure 40 for films grown at different temperatures both with similar 
thickness (i.e. 55-62 nm). From the AFM data the grains were found to be narrower 
and longer for the 200°C film compared to the 275°C film, with their length to width 
ratio of 1.9 and 1.3 respectively (i.e. 39.9/21.3 nm at 200°C and 31.0/23.2 nm at 
275°C). The image shows a-axis oriented grains at 200°C, consistent with XRD data 
showing a small (   ̅ ) peak. The round features showing in the 275°C film indicate 
c-axis oriented grains, consistent with the high XRD intensity of the (0002) peak, 
while the appearance of the     ̅   peak suggests the existence of a few a-axis 
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oriented grains. The higher (0002) peak intensity for the 275°C film indicates the 
formation of larger crystallites at high growth temperatures. Hence, regardless the 
film thickness, the films grow at both a-axis and c-axis directions at low 
temperatures, while at high temperatures the grains preferred growing in the c-axis 
direction. Further analysis is necessary to specify whether the orientation shift in 
preferential growth (dual or c-axis) depends on the thickness, as the peaks intensity 
changes between the 55 nm (Figure 40) and 95 nm (Figure 39) films grown at the 
same temperature. 
The reason for the grain size increase at high temperature is found within the lattice 
changes during the growth. In particular, the grain growth occurs by the movement 
of the grain boundaries and the diffusion of atoms from the one side of the boundary 
to the other 
[306]
. The boundaries movement is driven by the tendency to reduce the 
grain boundary energy as the total energy increases, which is done by reducing the 
boundary area when the grains are larger. Therefore, at high growth temperatures 
where the total energy is raised, the grain boundaries energetically prefer to be 
reduced in size by the formation of larger grains. In addition, the atoms mobility 
increases with increased temperature expressed by Boltzmann transport model (i.e. 
kinetic energy increases due to the gained thermal energy). Therefore, at high growth 
temperatures the atoms are expected to move into larger grains, forming very large 
grains and much smaller ones. This is consistent with the AFM images, as there are 
many large features and a few small ones in the film grown at 275°C.  
In comparison to previously reported studies on ZnO films grown by ALD, the 
temperature effect is consistent with a selected-area-diffraction (SAD) study of ZnO 
films grown by ALD using DEZ, showing a higher degree of orientation and larger 
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grains at high temperature 
[307]
. The low temperature film in 
[307]
 also showed dual 
orientation similar to the data in the current study. 
 
 
Figure 41:  Temperature dependence of lattice strain dependence for ZnO films. 
 
From the XRD data it is also useful to analyse the lattice strain and observe any 
effects of altering the deposition temperature. The lattice strain (Figure 41) was 
obtained by comparing the measured d‒spacing to literature values of 
     ̅  =2.815 Å and        =2.604 Å 
[17]
. The results show a linear increase in 
tensile strain in the c-axis as temperature increases, corresponding to         spacing 
decrease. The strain in the a-axis (i.e. (   ̅ ) peak) shows an overall reduction with 
temperature, although there is some scattering due to the low signal from the plane. 
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This suggests that as temperature increases the c-axis oriented grains are under more 
tensile strain and the grains in the a-axis preferred direction are under less tension.  
 
4.3. Zr-doped ZnO microstructure 
 
4.3.1 Growth rate 
 
The growth rate of ZrO2 (0.65 Å/cycle for self-limiting ALD) is significantly lower 
than the growth rates of ZnO (1.87 Å/cycle) and hence increasing doping levels 
would be expected to reduce the film thickness if the overall number of ALD cycles 
is kept constant. An estimation based on the growth rates in comparison to the 
experimental measurements (ellipsometer) are shown in Figure 42. As shown in the 
graph, the film thickness clearly decreases as doping increases showing that the 
thickness is dependent on the doping concentration being targeted. However, the 
decrease is found to be more rapid than expected (as shown by the red line in Figure 
42). This decrease could be due to a number of possible mechanisms such as no 
nucleation of the dopant cycles, the dopant cycles may not nucleate in the growth 
rate expected for a ZrO2 film, and the difficulty in nucleating ZnO films after the 
dopant cycle.  
The change at electrical properties due to doping and the ionic Zr
4+
 in the films 
shown by XPS, suggest that dopants are indeed deposited in the film. Therefore, the 
two most likely cases are the problems in nucleation in either the ZrO2 or ZnO 
cycles, but with the available experimental resources it was not possible to specify 
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which layers had the problem. The use of quartz crystal microbalance (QCM) can 
reveal the cause by showing the changing in growth during each deposition step.  
 
 
Figure 42: Zr doping dependence of film thickness. 
 
The thickness difference between the un-doped and 9.1 at.% doped film is 21 nm. In 
future experiments a fixed thickness for all the samples should be targeted. Hence, 
the current analysis avoided issues involving the thickness difference by comparing 
similar thickness films, such as the undoped (234 nm) and 4.8 at.% doped (250 nm) 
films. The analysis on the thinner set is mostly carried out for comparable film 
thickness films of the undoped (95 nm) and 4.8 at.% doped (83 nm) samples. 
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4.3.2 Microstructure 
 
In order to examine the microstructure of doped films, AFM measurements were 
carried out for all samples, from which three are shown in Figure 43.  
 
 
Figure 43: AFM of a) 0at. %, b) 4.8 at.% and c) 9.1 at.% doping, with the top 
images showing 2D images of greater details and the bottom images of the same 
samples in 3D. 
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Figure 44: Zr doping dependence of grain size measured by the AFM images. 
 
As shown in Figure 43, the grains are again found to be needle shaped, and as 
doping increases they become increasingly perpendicular to the substrate. The grains 
height illustrated by the white line plots for the dotted line area, increases at 4.8 at.% 
doping and then decreases again at 9.1 at.% doping. The increase is believed to be 
due to the shift towards a preferred c-axis orientation, similarly to the case of high 
temperature un-doped films shown earlier in the chapter. The heavier doped film 
reduces in height, possibly due to the reduction in grain size associated with the film 
thickness reduction.  
The features size was calculated from the AFM images using AxioVision Rel. 4.8 
software. The average values are shown in Figure 44, with the error bars 
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corresponding to standard deviation for each value with scaling factor 0.5. From the 
plot the grains are shown to be reduced in size as doping increases in both length and 
width. The reduction of the width is a more comparable measurement as it is not 
dependable on the orientation of the grains (i.e. length is possibly smaller due to 
tilting of the grains). The reduction trend is similar to the thickness reduction, 
suggesting that it is possibly driven by the thickness changes. To evaluate whether 
this reduction is due to doping effect, one doped and one un-doped film of similar 
thickness are compared in Figure 45. The average length was measured 
approximately the same for the doped (39.6 nm) and the un-doped (39.9 nm), while 
the width was smaller for the doped film (17.2 nm) compared to the un-doped 
(21.3 nm). Therefore, the grains are shown to be reduced in size with doping, a fact 
expected to affect the electrical properties as the enlarged grain boundaries might 
increase the carrier scattering.   
 
 
Figure 45: AFM of a) un-doped (55 nm) and b) 4.8 at.% doped (50 nm) films. 
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The feature lengths mostly reflect the size of the grains having a-axis preferred 
orientation. Hence, the reduction of the features length simultaneously to the shift of 
orientation in the c-axis suggests that the length reduction cannot be accurately 
attributed to the doping effect. However, the reduction of the features width can 
reveal the effect of doping. The width of a grain with preferred orientation in c-axis 
is restricted by the surrounding grains oriented in the same direction. The width 
reduction observed for similar thickness films reveals that the grain size decrease is 
in fact affected by the doping.  
The grain size reduction with Zr doping is consistent with literature, for a range of 
growth methods including spray pyrolysis 
[26],[46]
, microwave irradiation 
[55]
, low 
temperature co-precipitation method 
[48]
, and radio frequency magnetron sputtering 
[57]
. One proposal is that doping has a tendency to reduce grain size due to 
segregation of Zr atoms into grain boundaries, causing crystal disorder that led to the 
decrease of grain size 
[57]
. The finer grains as a result of Zr doping were reported to 
result in less conductive films compared to Ga and In doped ones, due to the 
increased carrier scattering 
[29]
. Nevertheless, dopant segregation is not only 
observed for Zr-doped systems, but also for degenerate doping materials using 
dopants such as Al, Ga, In and Sc 
[308]
. This is due to the higher energy state of the 
dopant atoms compared to the grain boundary energy 
[306]
. Therefore, the high 
number of impurities tends to cause dopant segregation at the boundaries, and it is 
likely that this is more distinctive when using Zr doping.  
The RMS data representing the surface roughness is shown as a function of doping 
in Figure 46. The values following a linear trend range around 2.3-2.6 nm up to 
6.7 at.% doping, and peak at 2.7 at.% doping with the lower value of 1.6 nm for the 
heaviest doped film. The difference between the first five samples is within the error 
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margin and so is showing that doping is not affecting the surface roughness. This is 
due to the increase of the grains height as they become more perpendicular and 
smaller as doping increased, leading to a balance change in RMS relation (see 
chapter 3). The heavier doped film shows lower RMS due to its lower thickness. 
 
 
Figure 46: RMS data from AFM analysis, in relation to Zr doping with error bars 
set as ±0.6 nm.  
 
In order to evaluate if RMS is thickness dependent, the RMS of a range of different 
thickness 4.8 at.% doped and un-doped films were measured. RMS (Figure 47) 
linearly increases with film thickness. The doped and un-doped films follow the 
same increasing trend within experimental errors, implying that Zr doping is not 
affecting the roughness of the films. This is consistent with an un-doped ZnO study 
that showed a similar linear RMS dependent on thickness 
[309]
.  
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Figure 47: Thickness dependence of the RMS for films doped with 4.8 at.% Zr.  
 
The surface roughness can be considered as an advantage in terms of electrical 
properties, as it can reflect on large grains, which result in reduction of the grain 
boundary scattering. This is supported by the comparison of the current data and the 
values reported by Tsay et al. 
[29]
, who reported smoother 210 nm thick ZnO: Zr 
films (RMS=2.55 nm) using sol-gel growth method on alkali-free glass, compared to 
the current films of similar thickness (RMS=4.5 nm). The lower roughness was due 
to the smaller crystallites of 12 nm 
[29]
, compared to ≥50 nm long grains in the 
current work. The current films resulted in lower resistivity of at least six orders of 
magnitude compared to the study in reference 
[29]
 (see chapter 5). In comparison to 
other techniques, ALD provided much smoother films than spray pyrolysis on glass 
substrates that showed 11 nm RMS for Zr-doped ZnO films of 100 nm thickness 
[26]
, 
and even higher values were reported using spray pyrolysis of RMS=65 nm 
[46]
. 
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Figure 48: XRD patterns of Zr-doped ZnO films on Si (100) substrates. 
 
In comparison to other dopant studies involving ALD, the current RMS values are 
higher than films with similar film thickness and grain orientation using dopants 
such as Al of 100 nm thickness on quartz glasses (1.25 nm) 
[187]
 and of 200 nm 
thickness on sapphire substrates (2.38 nm) 
[34]
. The decreased roughness in these 
doped films is believed to be driven by the smaller grain size, but as no grain size 
was reported in these studies, it is not possible to carry out a direct comparison to the 
current data. However, the un-doped RMS values recorded in the current study, are 
comparable to a study of un-doped ZnO films by ALD 
[309]
 with RMS=2.4 nm 
(~100 nm film), and RMS=5.5 nm of ~250 nm thick film.   
To further investigate the doping effect on the grain orientation, XRD measurements 
were carried out (Figure 48). The films are polycrystalline with strong     ̅   and 
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(0002) peaks for no or low doping. However, as the doping level increases above 2.7 
at.%, the (0002) feature increases in intensity while the     ̅   feature is 
suppressed. For the highest doping level the dominant peak is remaining the (0002), 
although its intensity is reduced compared to the samples with slightly lower doping 
(4.8 at.% and 6.7 at.%). The     ̅   and     ̅   peaks have very low intensity in all 
samples. Therefore, the doped films show preferential orientation similar to the un-
doped films (section 4.2) in two planes (i.e.     ̅   and (0002) planes).  
The increase in the intensity of the (0002) peak indicates that the long-range 
crystalline c-axis ordering increases with higher doping concentration (at least up to 
6.7 at.%). This increase implies that Zr
4+
 is substitutional to Zn
2+
, since placement at 
interstitial positions is expected to result in amorphization 
[26]
. The reduction in 
intensity for the heavily doped film is consistent with previous c-axis oriented Zr- 
doped ZnO films, in which the intensity of the (0002) peak was reported to be 
reduced at high doping due to high dopant segregation 
[26],[46],[57]
. 
The lattice changes can reveal the expansion of the lattice due to the larger atoms of 
Zr. Hence, the lattice constants in both a-axis and c-axis preferred oriented grains are 
measured based on the XRD peak shifts. The literature values for pure ZnO are 
     ̅  =2.815 Å and        =2.604 Å 
[17]
. The measured lattice constants on glass 
substrates for the un-doped films are      ̅  =2.814 Å and        =2.608 Å, and for 
the 4.8 at.% doped film are      ̅  =2.822 Å and        =2.608 Å. Therefore, an 
increase of the lattice constant will lead to compressive strain and a reduction to 
tensile strain. The lattice constants in the c-axis show a reduction as doping 
increases, while the constant in the a-axis is increased (Figure 49). This suggests that 
the slightly larger Zr atoms (0.745 Å) compared to Zn atoms (0.740 Å) 
[42]
 are added 
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in the a-axis oriented planes and increase the d-spacing. This is consistent with 
reported studies on Zr-doped ZnO 
[26],[56],[200]
. The decrease in the c-axis can be 
related to the grain boundaries increase as doping increases, which apply more 
pressure to the lattice. The reduction of only the c-axis preferred oriented grains 
suggests that their positions in the film is more affected, and are most likely basal 
grains. The increase in the a-axis preferred oriented grains suggests that they are less 
affected and are most possibly at the top of the film. TEM was used to specify their 
position as discussed in section 4.4.2. 
 
 
Figure 49: Zr doping effect on d-spacing for     ̅   and        orientated 
crystallites on glass substrates. 
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Figure 50: AFM of 4.8 at.% doped films of a) 50 nm, b) 161 nm and c)250 nm 
thickness. 
 
The thickness effect on the surface topography is shown in Figure 50, illustrating 
larger grains as thickness increases. The features size was then measured by 
AxioVision software and is shown in Figure 51. Its shows a linear increase of the 
length (i.e. ~40-90 nm) and a linear increase of the grain width (i.e. ~18-30 nm) as 
the thickness increases. For thinner films, the AFM features are mostly rounded in 
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appearance as the long axis of each crystallite is perpendicular to the substrate; the 
grains are mostly c-axis orientated with respect to the substrate surface. As film 
thickness increases, the features become more needle-like in shape, which is 
indicative of a-axis orientated grains. The gradual changes to thickness increase 
suggest that the orientation is shifting from c-axis to a-axis preferential orientation as 
the film thickness increases. 
 
 
Figure 51: Average grain size measured by the AFM images as a function of film 
thickness (4.8 at.%). 
 
In order to investigate whether the changes in grain orientation are influenced by 
doping, a direct comparison of thick films for 4.8 at.% Zr-doped and un-doped films 
is shown in Figure 52. Both films show needle shaped grains oriented in a-axis, 
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consistent with reported films of the same orientation using ALD 
[32],[216],[224]
. The 
grains size was measured as 89.9/25.2 nm for the doped and 91.9/31.7 nm for the un-
doped film, with the difference attributed to the doping effect on the grain growth 
established earlier. Hence, the grains orientation transition appears the same for 
doped and un-doped films, suggesting that it is driven by thickness rather than 
doping.  
 
 
Figure 52: AFM images comparison of a) un-doped (234 nm) and b) 4.8 at.% doped 
(250 nm) 
 
The effect of film thickness on XRD is shown in Figure 53. The diffraction patterns 
show three different crystal orientations, with the first one being preferred 
orientation in c-axis for the thinner film, then dual preferred orientation at slightly 
thicker films, and finally a-axis preferred orientation for the thicker films. The 
(0002) peak is dominant for the thinner film, and as the thickness increases, both 
diffractions of     ̅   and (0002) are dominant for the doped and un-doped films. 
With further thickness increase the pattern is dominated by     ̅   planes, 
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indicating a-axis preferred orientation. In each case, this is consistent with the AFM 
data, hence, both methods show that increase in thickness drive the orientation from 
c-axis preferential to a-axis, with a transition range for intermediate thicknesses.  
This orientation shift is also consistent with XRD results obtained for films grown on 
glass substrates (Figure 53). The peak ratio of the two main peaks is similar 
regardless of the substrate, with the only exemption being the 83 nm film, where the 
peak ratio is lower than the film on Si substrate. This is possibly due to the formation 
of more randomly aligned grains on the amorphous substrates. The similarity in peak 
ratios between the two substrates suggests that the orientation shift in this study is 
not affected by the substrate used.  
 
 
Figure 53: XRD of different thickness 4.8 at.% Zr-doped films on Si (100) and glass 
substrates. 
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The XRD peaks from films on glass substrates are shifted to slightly lower angles in 
comparison to films on silicon (Figure 54). The shift of the peak to the right 
indicates smaller lattice constants for films on Si substrates as it shows tensile strain 
(i.e. smaller lattice) when it is compared to literature constants 
[17]
, while the ones on 
glass show compressive strain (i.e. larger lattice). Both peaks are shifted in the same 
direction indicating that the lattice spacing in either a-axis or c-axis oriented films is 
larger on glass substrates. The tensile strain is believed to have been caused due to 
the nucleation of deposited films on a wider (i.e. 3.84 Å) cubic lattice in comparison 
to the ZnO hexagonal lattice (i.e. 2.6 Å).  
 
 
Figure 54: XRD peaks at     ̅    and (0002) planes of films on Si and glass 
substrates (different films are used with preferred orientation in either plane, hence 
the intensity is on in the same scale). 
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The general trend from literature is that Zr-doped ZnO films grown by different 
methods, have preferential c-axis orientation when deposited on crystalline 
substrates such as quartz with trigonal crystal structure 
[25],[53]
, but are usually 
polycrystalline films without specific preferred orientation when the substrate is 
amorphous such as glass 
[29],[49],[50]
. Additionally, previous studies showed that as 
doping increases the c-axis orientation is preferred 
[46]-[47],[49],[56]-[57]
. However, in 
some cases at heavier doping the (0002) peak intensity is reduced 
[26],[46],[57]
, which is 
attributed to the dopant segregation in grain boundaries 
[182]
. Hence, the current 
study‟s data are consistent with the general orientation trend regardless the 
deposition method, while the preferred direction is the same for both substrates used.  
 
4.3.3 Higher XRD peak intensity with doping 
 
By directly comparing the diffraction patterns of un-doped and Zr-doped films of the 
same thickness at 95 nm, the (0002) peak intensity is observed to be greater for the 
doped film indicating increased degree of orientation in c-axis (Figure 55). As a 
result, it could be said that the addition of Zr dopant in the film results in the 
improvement of the crystals alignment in their preferred orientation. To support that, 
a-axis oriented films of thickness ~250 nm show the same tendency of the doped 
films having higher intensity of     ̅   peak than the un-doped films (Figure 55). 
This is not the case for all other peaks, as the (0002) peak is lower for the doped one, 
indicating that the higher intensity in the doped films is only observed for the plane 
in which the grains are preferred orientated. The high intensity in the doped films is 
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not grain size related as the AFM data showed that the features size is reduced by 
doping (Figure 52).   
This trend for higher degree of crystal alignment with Zr doping is consistent with 
other studies such as the one by Paul et al. 
[49]
, who found a shift in orientation from 
(0002) to random as doping increased. Other researchers have shown the same trend 
of higher intensity and the absence of any ZrO2 phase 
[45]-[46],[54],[56]
. According to 
those studies, the substitution of Zr
4+
 ions into Zn
2+
 sites results in retention of the 
hexagonal structure 
[46],[56]
. The increased intensity was reported as self-texturing 
phenomenon 
[182]
 and it was also reported by other techniques when using dopants 
such as Al 
[182],[310]-[311]
, In and Sn 
[311]
. However, Zr dopant was found to result in 
higher peak intensity when directly compared to Al-doped films in the same study 
[54]
. 
 
 
Figure 55: XRD comparison of similar thickness un-doped and Zr-doped ZnO films. 
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One explanation for this increase could be found through numerical analysis of the 
parameters contributing to the diffraction intensity. As explained in chapter 3, the 
peak intensity is affected by a number of geometrical parameters in the films. 
However, as the films are geometrically similar to each other the main focus will be 
on the multiplicity factor and structure factor. The multiplicity factor (M) causes 
higher intensity for the     ̅   peak (M=6) in comparison to the (0002) peak (M=2) 
due to the higher number of similar planes. This will mostly affect the correlation 
between the different thickness films. The factor that may cause differences between 
the un-doped and doped films is the structure factor. The structure factor depends on 
the atomic number of the elements 
[312]
, and so it is higher for Zr atoms (Z=40) rather 
than Zn (Z=30). Based on the relation in chapter 3 (Equation 40), the structure factor 
depends on the position of each atom in the crystal of hkl coordinates.  
For a wurtzite structure, the O atoms are located at (000) and (
 
 
 
 
 
 
), while Zn atoms 
are at (  
 
 
) and (
 
 
 
 
 
 
) positions [278]. By assuming that one ZnO unit cell is roughly 
formed after two ALD cycles, this will mean that Zr atoms were introduced to half 
unit cell for doping at 1.0 at.%, 2.7 at.% and 4.8 at.%, while for the samples at 
6.7 at.% and 9.1 at.% the Zr atoms were introduced after the completion of a unit 
cell. Therefore, it is assumed that for the heaviest doped samples the Zr atoms were 
introduced at (  
 
 
)  positions, while for the lower doped samples they were 
introduced at (
 
 
 
 
 
 
). As a result, the intensity for the     ̅   peak is less affected by 
the Zr addition for the heavier doped samples due to their position in the crystals. 
This trend is consistent with the experimental data in which the a-axis peak is 
suppressed.  
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Figure 56: Theoretical integrated intensity data after being normalised to the 
powder intensities. 
 
The numerical values of the integrated intensities for each doped film were 
calculated and are shown in Figure 56. The presented values are normalised to the 
normalisation factors established in section 3.8.2. Based on the graph, the structure 
factor has a larger effect on the intensity of the      ̅   peak compared to 
the         By comparing the estimated numerical increase at 6.7 at.% doping to the 
un-doped, the experimental data show a much higher increase of 240% compared to 
the theoretical increase of only 0.3%, hence, it is unlikely to be the cause of the high 
peak intensity.  
A different approach is to correlate the defects changes due to the addition of Zr 
atoms, which could contribute to the formation of less distorted hexagonal crystals 
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and so grains, could grow in better alignment. Those defects are the oxygen 
vacancies, which could be reduced when Zr is added to the system due to the strong 
Zr-O bonds leading to high oxygen vacancy formation energy (OVFE) 
[313]
. In order 
to investigate this experimentally, XPS studies were carried out and showed a 
reduction of oxygen vacancies as doping increased. This will be discussed in more 
detail in section 5.4.1.  
In summary, a very small fraction of the degree of orientation increase is attributed 
to the scattering factor, but the main cause is attributed to the reduction of oxygen 
vacancies (for both orientations) as doping increases.  
 
4.4 Orientation shift 
 
From the previous data it was suggested that as the grain size was increased, the 
orientation evolved from c-axis preferred orientation to a-axis orientation. In 
particular the heavier doped samples were highly c-axis oriented as doping induced 
grain size reduction (Figure 57), while the direct relation of grain size and thickness 
lead to a linear relation between thickness and orientation change from one direction 
to another. The data in this plot were analysed further using the texture coefficient 
given in Equation 47 
[95]
, where FC is the texture coefficient in (hkl) plane and P is 
the ratio of peak intensity over the sum of peak intensities in the same film. The 
reference peaks intensities used as P0 were the peaks obtained from the ZnO powder 
diffraction pattern (section 3.8.2). The driven force for this change will be specified 
later in this section after analysing all possible scenarios correlated to literature. 
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Equation 47 
        
          
       
 
 
 
Figure 57: Thickness dependence of texture orientation. 
 
The preferred orientation change in ZnO related to deposition factors was studied 
early in 1980s, when Murti et al. examined the role of the deposition rate on the 
crystal growth orientation 
[314]
. The study using RF sputtered films suggested that at 
slow deposition rate the orientation is at (0002) direction, while at faster rates the 
orientation shifts to     ̅  . The thickness of the film was believed to be a neutral 
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corresponds to a higher probability of atoms rearrangement at the surface 
[314]
. 
Fujimura et al. 
[231]
 also reported that the lower deposition rate favours (0002) 
orientation, adding that this is also the case for high temperature growth using RF 
magnetron sputtering. According to Nam et al.
 [315]
, the deposition rate also affects 
the crystal orientation in films grown using CVD. The results confirmed that at fast 
growth rate a-axis orientation is favoured while for slower rates the crystals have 
more time to be formed and arranged perpendicularly (c-axis) 
[315]
. Those studies 
refer to growth techniques with tunable deposition rates, however for ALD the 
growth rate is typically very slow compared to these other techniques. As a result, 
the deposition rate is not a factor for the current shift.  
A different scenario is the difference in growth temperature. Although this was 
controlled during the ALD process, the thermal resistance could be different for thin 
and thicker films, as it was stated by Xu et al. 
[316]
. In the same study, the thermal 
resistance as a function of the film thickness was plotted, which showed higher value 
for the 250 nm (200×10
‒ 9
 m
2
KW
-1
) compared to a 100 nm film (125×10
-9
 m
2
KW
-1
) 
[316]
. Based on those observations and the fact that at low growth temperature the 
ALD ZnO films are reported as a-axis oriented 
[225]
, it is possible that the thicker 
films were deposited at a slightly lower surface temperature than the thinner ones. As 
it was mentioned in chapter 3, the measured temperature during deposition 
conditions is 186°C on top of a Si wafer. As a result, by applying simple heat 
transfer calculations and using the thermal resistance values by 
[316]
 converted to 
thermal coefficients, the temperature for the 250 nm film is 178°C compared to 
around 186°C for the thinner films. A similar surface temperature difference (5°C) 
was found between the two substrates used, and it was earlier found that it resulted in 
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the same preferred orientation in the films. Hence, the difference in temperature due 
to thermal conductivity is also unlikely to be the cause of the orientation shifts.  
Other paper suggested that in the ALD the     ̅  orientation is favoured by the 
short purge time 
[224]
. This is explained in terms of anions such as CH3- originating 
from the source precursors adhering to the positively charge polar (0002) crystals, 
when the by-products increased in number due to insufficient purging. This theory is 
supported by the results in a previous report suggesting that the reduced purge time 
favours the non-polar     ̅   and     ̅   orientations [317]. Low growth temperature 
was reported to have the same effect when using DEZ, which is reported to 
dissociate into group fragments such as CH3- and CH3CH2- at the same ALD growth 
temperature used in this study, resulting in non-polar m-plane (a-axis) films of 
thickness ~600 nm 
[318]
. Nevertheless, this is unlikely to be the case in the current 
study as the films with a-axis and c-axis preferred orientation were grown using the 
same deposition parameters, including the purge time and growth temperature. 
Pung et al. also stated that the ethyl groups from DEZ were the cause in a-axis 
orientation for films grown at low ALD temperature 
[225]
. Nevertheless, the fixed 
number of cycles in that study suggests a variety of film thickness, starting from 
240 nm for films within the ALD window that showed dual orientation and then at 
~110 nm for the films deposited at much higher temperatures showing c-axis 
preferred orientation. This orientation is consistent with the current study, in which 
the temperature was kept fixed. This suggests that the thickness may be the main 
parameter for controlling orientation in the current study and the studies of 
[225] 
and 
[318]
. Additional reports of ALD growths of ZnO have previously reported shift in 
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orientation as the number of cycles increases 
[319]
, and others for     ̅   preferred 
oriented ZnO thick films at the same conditions using a DEZ precursor 
[317]-[318]
.  
 
4.4.1 Orientation shift by strain 
 
The correlation of thickness to the changes in orientation, led to an examination of 
the differences between the two directions. Firstly, c-axis orientation is well 
established as the lowest surface energy orientation, and therefore the most 
thermodynamically favoured 
[215],[320]
. More specifically its density of surface energy 
in (0001) equals 0.099 eV/Å
2
 which is much smaller than the surface free energy 
of      ̅   plane at 0.123 eV/Å2 and     ̅   at 0.209 eV/Å2 [231]. The values were 
calculated by Fujimura et al. 
[231]
 based on the standard latent heat of vaporization 
(i.e. 3.61 eV/atom), the literature lattice constants and the number of atoms in the 
wurtzite unit cell. Based on the low surface density it is expected to have a high 
number of unsaturated bonds of Zn or O ions 
[315]
.  
According to Fujimura et al., the (0001) orientation always occurs under equilibrium 
state as the sp
3
 hybridized orbit bonding in hexagonal semiconductors spreads along 
the (0001) direction (i.e. each apex is parallel to the c-axis) 
[231]
. Based on the same 
study, it was stated that it is only possible to grow other orientations under non-
equilibrium conditions that deteriorate the formation of tetrahedral coordination. 
Nevertheless, this study by Fujimura et al. only takes into account the surface free 
energy and neglects the influence of strain energy on the system.    
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The strain energy of the films orientated in the     ̅   plane is lower than the ones 
oriented in the (0002) plane based on the Young‟s modules in each plane (i.e. 
     =1.44 and     ̅ =1.28 (×10
11
 N/m
2
) 
[321]
). In other orientations the strain is 
equal to or less than     ̅  , such as the     ̅   plane (    ̅ =1.28×10
11
 N/m
2
) and 
the     ̅   plane (    ̅ =1.19×10
11
 N/m
2
) 
[321]
. Low strain energy offers strain 
minimisation to the system and hence this might influence the preferred orientation if 
it is the dominant force. This occurs in films under high strain that could be induced 
by the enlargement of the grains. 
The preferred orientation correlates to the energetic constraints of the 
surface/interface and strain energy minimisation 
[322]
, and the driving force is the one 
offering the lower energy to the system. Thompson et al. stated that the grain growth 
can minimise the surface/interface energy through the preferential growth of grains 
with orientations that offer low surface energy 
[323]
. This happens when the system is 
under low strain i.e. small grains, and thus according to Carel et al. this is always the 
driven force for very thin films 
[322]
. On the other hand, the growth of grains may 
switch to a different orientation to minimise strain energy if the system‟s strain is 
increased 
[324]
, for example when the grain size increases or when the films grow at 
low temperatures 
[325]
. The grain size in the current study has been correlated to film 
thickness, hence, the thinner films are expected to be less strained and will therefore 
grow in the lowest surface energy orientation of (0002). By increasing the thickness 
of the films the strain increases and thus the need to minimise the strain energy also 
increases, hence the preferred orientation shifts to the immediately lower strain 
energy orientation of     ̅  , consistent with the experimental data. The same effect 
was also reported by Singh et al. [226], showing orientation shift at ~200 nm thickness 
films consistent with the current study, although the current study shows much more 
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dominant peaks in the preferred orientation for similar thickness films. In 
conclusion, as the thickness increases the strain must be minimised, thus the 
orientation will firstly shift to the     ̅   or      ̅   plane, and when the strain 
increases further it is expected to shift to the     ̅   plane. Films oriented in the 
    ̅   plane grown by magnetron sputtering were shown by Lee et al., having 
thickness of a few microns 
[321]
.  
 
 
Figure 58: Thickness dependence of strain for     ̅   and        planes of 
4.8 at.% doped films on Si substrates. 
 
In order to specify the orientation transition point, the percentage strain needs to be 
determined for different film thicknesses with fixed doping (Figure 58). The strain in 
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that direction. The strain values are the results of comparison between the films 
constants and the pure ZnO values of      ̅  =2.815Å and        =2.604Å 
[17]
. The 
strain analysis on the different thickness films (Figure 58) show almost no difference 
in the c-axis tensile strain, while the a-axis shows increased tensile strain as 
thickness increases, as most of the grains are oriented in that direction.  
The orientation turning point from the surface energy to strain energy minimisation 
can be estimated by the thickness critical value within 100-200 Å/strain % (i.e. 
percentage strain thickness product) 
[326]
. To estimate those points the strain values 
used were normalised to 100 nm in order to neglect the thickness differences 
between the samples. Those values were then used in Equation 48 to calculate the 
critical thickness (tC) based on the product of 100-200 Å %, which differed for each 
doping level (Table 6). 
Equation 48 
   
           
 
 
 
Table 6: Critical thickness estimation using the percentage strain thickness product. 
Zr contents 
(at. %) 
Normalised 
Strain (%) 
tC for 100 Å% 
(nm) 
tC for 200 
Å% (nm) 
Average tC 
(nm) 
0.0 0.14 73.5 147.0 110.2 
1.0 0.13 79.7 159.4 119.6 
2.7 0.25 39.2 78.4 58.8 
4.8 0.25 39.3 78.5 58.9 
6.7 0.24 41.8 83.6 62.7 
9.1 0.22 45.7 91.3 68.5 
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The strain values used for the calculations are the ones parallel to the c-axis, since 
this is the initial growth orientation of thin films. The films showing a high strain 
induced by doping tend to shift to a different preferred orientation at a lower 
thickness. For example, the 4.8 at.% doped film has a critical thickness of 59 nm, 
which is much lower than the un-doped film which is expected to shift at around  
74 nm. Experimentally, the shifting point for un-doped ZnO is found to be about 
60 nm based on the XRD analysis, where the     ̅   peak appeared in both films. 
For the un-doped film the peak appeared as early as 55 nm, which is an indication of 
having greater strain due to the larger grains in comparison to the Zr-doped films.  
In order to establish the point where the strain energy (U) is higher than the lower 
surface energy (S), the surface and strain energy were calculated at different 
thicknesses with fixed doping. The sum of the surface and strain energies adds to the 
total system energy (Etot=S+U). The surface energies for each orientation were 
already established in 
[231]
 as      =1.59×10
‒6
 Jcm
-2
 and     ̅ =3.3×10
‒6
 Jcm
-2
. The 
strain energies on the other hand can be calculated by the standard formula shown in 
Equation 49 
[324], where ε is the strain in the plane hkl, E is the Young‟s modules, 
and V is the volume. By keeping the area as an unknown factor, the energy was 
calculated in Jcm
-2
 with the use of the film thickness. The corresponding values are 
shown in Table 7. 
Equation 49 
     
       
 
 
The calculated data show that the strain energy per unit area is higher for the (0002) 
plane than for the     ̅   plane for all cases, proving the lower strain energy in a-
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axis. The increasing strain energy in the c-axis is beyond the surface energy from the 
83 nm film, showing that the grains were forced from that point to start growing in 
the a-axis direction for energy minimisation. The thickness turning point is estimated 
when all energies are plotted for the 4.8 at.% doped sample in Figure 59. 
 
Table 7: Strain energy for different thickness films with 4.8 at.% doping.  
Thickness 
(nm) 
Strain Energy 
    ̅   
J/cm
2
 
Strain Energy (0002) 
J/cm
2
 
50 2.46×10
-9
 1.54×10
-6
 
83 4.15×10
-7
 2.69×10
-6
 
161 1.90×10
-6
 4.52×10
-6
 
250 3.07×10
-6
 5.93×10
-6
 
 
 
Figure 59: Surface and strain energy components as a function of film thickness with 
4.8 at.% doping. 
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The graph shows the fixed surface energies of the two orientations and the curves of 
the increased strain energies as thickness increases. The range between 0-53 nm 
shows that the strain energy (U0002) is lower than S0002, hence the preferred 
orientation is in (0002) direction to minimise the system‟s energy. However, above 
53 nm the strain energy in (0002) (U0002) increases more than S0002, forcing the 
grains to start growing in a less energy consuming orientation (i.e.     ̅   
orientation). The strain energies of both directions are higher than S0002 above 
150 nm, which is believed to be the point where grains have preffered orientation in 
a-axis. This is consistent with the XRD data that showed more dominant a-axis 
orientation starting from 161 nm thickness. The existence of a high intensity (0002) 
peak in the same XRD pattern is believed to be due to diffraction from the basal 
planes of c-axis orientation.  
 
4.4.2 TEM study of the thicker doped film 
 
Due to the limited number of samples with thickness around 60-70 nm in which the 
orientation turning point was estimated, the confirmation of the thickness turning 
point was only possible using electron microscopy on cross sectionAl-doped films. 
As a result, TEM was carried out on the 83 nm and 250 nm films with 4.8 at.% 
doping on Si (100) substrates, as shown in Figure 60. The images illustrate the top 
interface to Pt which was applied as a conducting layer at the top to allow the TEM 
scan, and at the bottom is shown the Si substrate with the 2-3 nm buffer layer of 
Al2O3. Both films show large grains of ~60 nm for the 83 nm film, and up to 115 nm 
long grains for the thicker film, confirming the AFM map that shows grains up to 
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50 nm and 110 nm respectively. Additionally, the thickness measured is consistent 
with the ellipsometer readings. Another confirmation was for the roughness of the 
films earlier stated during the AFM study, showing a much rougher surface for the 
thicker film compared to the thinner one. 
 
 
Figure 60: TEM cross section of films a) 83 nm and b) 250 nm thick with 4.8 at.% Zr 
doping. 
  
The 250 nm film was used to determine the orientation shift point, by measuring the 
basal planes spacing (Figure 61) and using FFT for the near surface planes (Figure 
62). FFT analysis was not possible in the basal planes due to overlapping of the 
grains (fringes effect). Nevertheless, the planes distance was found to be 2.6 Å in the 
basal planes consistent with the (0002) d-spacing. The average distance of 10 
spacing was measured to be 2.69 Å, which is slightly larger than expected possibly 
due to the addition of Zr atoms. At the top of the layer, the distance is larger based 
on the ZnO crystal arrangement pattern in <   ̅> direction applied on top of the 
obtained FFT. By using the FFT, the distance of 2.9 Å is measured by the half 
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spacing between     ̅   and   ̅     planes. This distance is in close approximation 
with the expected     ̅   d-spacing.  
 
 
Figure 61: TEM image of 250 nm thick film with 4.8 at.% doping at the Si interface 
and basal plane. 
 
For further confirmation of the orientation shift with thickness, a bright field cross 
section TEM image of the 250 nm thick film was taken (Figure 63). As shown the 
grains are initially columnar and small in size at the first 70 nm of growth. The grain 
size ranges between 40-90 nm in those basal layers, with an average value of 
~57 nm. Above this initial 70 nm, the grains become more horizontally aligned than 
columnar, shown as cone shaped. The orientation shift is therefore ended at ~70 nm 
in thickness, in close agreement with the numerical model (i.e. 58 nm on average), 
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and also to both AFM and XRD data that showed the existence of large grains 
oriented in parallel to the substrate.  
 
 
Figure 62: TEM image of 250 nm thick film (4.8 at.% doping) at Pt interface and 
near surface planes. 
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Figure 63: TEM cross section image of 250 nm thick film with 4.8 at.% doping. 
 
4.5. Conclusion 
 
In conclusion, the orientation of the Zr-doped ZnO films were shown to be a 
function of film thickness. Hence, non-polar m-plane ZnO films were grown at 
250 nm thickness, and polar c-plane ZnO films up to ~70 nm. The mechanism 
behind this was identified as the tendency of the grains to grow in the lowest energy 
orientation. Therefore, when the grains are small and the strain is low, surface energy 
controls the orientation resulting in (0002) plane preferred orientation. When the 
grains are large enough to induce high strain within the structure, the orientation is 
shifting to a lower strain energy orientation across the     ̅   plane. The grain size 
was found to be reduced proportional to the amount of Zr doping. At high growth 
temperature the grains were shown to be increased in size. Finally, the grain size was 
found to be increased as the overall film thickness increases.  
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The orientation shift due to thickness was confirmed using AFM, which showed at 
the surface vertically aligned grains at low thickness (<100 nm) and then 
horizontally aligned grains at high thickness (>100 nm) films. XRD also showed 
preferred orientation in the     ̅   plane for thicker films, while thinner films 
showed preferred orientation in the (0002) plane. Finally TEM shows that the basal 
grains in the 250 nm thick film initially grow with a preferred c-axis orientation for 
around the first 70 nm and then the orientation begins to shift towards an a-axis 
preferred orientation. This shift can be explained using a theoretical model based on 
system energy minimisation, which indicates that c-axis is energetically preferential 
for thicknesses up to around 53 nm. Within this thickness range, surface energy is 
the controlling factor within the energy model. At thicknesses between 53 nm and 
150 nm, the model shows that a-axis starts to become energetically favourable. 
Within this thickness range, larger crystallites cause an increase in the internal strain 
energy and as a result, strain energy rather than surface energy becomes the 
controlling factor within the model. At thicknesses higher than 150 nm, the grains 
grow preferential in the a-axis orientation. 
Doping had no effect on the overall trend of the orientation shift, although the 
increased strain in the lattice induced the shift to occur at lower thickness. However, 
doping showed a tendency of higher XRD peak intensity in comparison to the un-
doped films due to the removal of defects (oxygen vacancies) that help to retain the 
hexagonal structure of the crystals. The increase in a-axis lattice constant as doping 
increased, showed the addition of the larger Zr atoms compared to Zn. The decrease 
in the c-axis was related to the grain boundaries increase as doping increases, which 
apply more pressure to the basal crystals. The a-axis preferred oriented grains at the 
top of the film are less affected by the boundaries pressure.   
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Chapter 5 
Electrical properties and chemical 
state of ZnO and ZnO: Zr 
 
 
5.1 Introduction 
 
In the current chapter, the effects of growth temperature, Zr doping concentration 
and film thickness on the electrical properties of the films are investigated. In this 
chapter the main focus is to establish and possibly control the electrical properties 
through „delta‟ Zr doping, which is expected to result in high carrier concentration 
due to their extra electrons compared to Zn. The reduction of resistivity is also 
targeted through scattering reduction by increasing the film thickness. The resistivity 
was aimed <10
-3
 Ω·cm and at least 1020 cm-3 carrier density [14] for better TCO 
performance. The chemical state is also important to prove that zirconium is indeed 
incorporated in the lattice by showing that exists on its ionic state (Zr
4+
). XPS 
analysis was carried out at the end of this chapter for this purpose.  
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5.2. Growth temperature of un-doped ZnO  
 
Prior to analysis of doped ZnO, it was essential of establishing the best growth 
temperature giving the lowest resistivity within the ALD window. This was 
completed through the un-doped ZnO characterisation of ~40-60 nm thickness films 
(Figure 64). This graph illustrates the resistivity measured by four-point probe and 
also the overall film thickness measured by ellipsometer, for films grown between 
100°C to 275°C. The thickness reduction for the films grown at high temperatures is 
attributed to desorption of DEZ beyond the ALD window (see chapter 3), which may 
have caused the resistivity increase.   
 
 
Figure 64: Resistivity and growth rate dependence of growth temperature for un-
doped ZnO films grown at 300cycles. 
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The films within the ALD window (130-200°C) show reduction of resistivity by four 
orders of magnitude as temperature increases from 130°C to 200°C. At temperatures 
higher than 200°C, the film thickness changes rapidly and thus resistivity gradually 
increased by up to two orders of magnitude. Film thickness is known to have a 
significant effect on the resistivity of very thin films as decreasing thickness causes 
increasing interfacial scattering, which decreases the carrier mobility and hence 
increases resistivity. Between 200°C and 275°C, the film thickness decreases from 
55 nm to 38 nm, and as a result, resistivity variation with temperature cannot be 
accurately evaluated and hence the trend line is not extended into this region. 
Therefore, the growth temperature resulting in the lower possible resistivity within 
the ALD window (i.e. optimum precursors function) is at 200°C.  
 
 
Figure 65: Resistivity dependence on temperature, by comparing similar thickness 
un-doped films (i.e. 49-62 nm). 
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In order to evaluate whether higher temperature growth may have resulted in lower 
resistivity, a comparison with similar thickness films was carried out and is shown in 
Figure 65. The graph shows again that the 200°C film has the lowest resistivity, even 
though it has slightly lower thickness (55 nm) than the 275°C film (62 nm). The 
fitted trend is shown to increase beyond 200°C, which is believed to be due to 
desorption of DEZ beyond that temperature leading to the reduction of intrinsic ions 
in the films. Consequently, the comparison data confirmed that the deposition at 
200°C results in the lowest possible resistivity. 
The findings of this study are consistent with literature, since ZnO ALD films 
deposited using DEZ tend to be more conductive films when grown at 200°C 
[34],[217],[257]
. The explanation given was that the existence of native defects (i.e. 
oxygen vacancies or interstitials) with thermal ALD resulted in a resistivity decrease 
at 200°C 
[257]
. The same explanation was used in another study, trying to explain the 
high resistivity recorded for the low temperature grown films, suggesting that the 
intrinsic defects (e.g. oxygen vacancies) were suppressed at low temperature due to 
the low thermal energy, which was not enough to overcome their activation energy 
[220]
. On the other hand, the lack of extrinsic un-intentional donors may be the cause 
of resistivity reduction at high temperature, linked to the effect of hydrogen in ZnO. 
Van de Walle purposed that H
+
 acts as a shallow donor to ZnO and it is a source of 
conductivity 
[327]
. Due to the strong O-H bond, hydrogen has low formation energy 
in any Fermi level position [327].  
The position of hydrogen in ZnO lattice was either interstitial or substitutional to 
oxygen as it was found by Bang et al. 
[328]
. H was shown to result in concentration 
decrease from 300°C and diffusion at 475°C, while the interstitial H diffuses much 
earlier at 125°C, and then it was restored for temperatures between 200°C and 500°C 
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for 12.5 μm films [328]. The same team showed that the increasingly thickness of the 
film causes increase of the diffused temperature 
[329]
. As a result, in the current study 
the diffusion is expected to start at lower temperature for films in the order of 
100 nm. Unfortunately, it was not possible to determine the actual position with the 
available equipment in this thesis as both possibilities are valid at the growth 
temperature of 200°C, thus both will be considered. 
The concept of H acting as donors in ZnO is still in dispute as H-free ZnO samples 
were reported with high conductivity 
[90]
. Nevertheless, hydrogen doped ZnO films 
were reported using ALD with hydrogen plasma steps at 200°C 
[330]
. As the 
hydrogen concentration increased they reported increased carrier density up to one 
order of magnitude reaching a value of 4.6×10
20
 cm
-3
 
[330]
. However, at higher 
temperatures hydrogen was reported to be diffused by using RF sputtering 
[330]
. This 
was consistent with another study using atmospheric pressure MOCVD where 
hydrogen was added during the deposition process, which showed that it was 
difficult to incorporate hydrogen into ZnO films at high temperature 
[332]
. As a result, 
it is possible that ALD deposition allows H incorporation into ZnO at 200°C and act 
as un-intentionally dopants. The hydrogen could either come from the H2O co-
reactant or the ethyl groups from the organic precursors used in this study.  
Consequently, it is proposed in this study that the defects developed at 200°C 
favoured higher carrier concentration than any other temperature, due to the 
formation of intrinsic defects that are suppressed at lower temperatures and due to 
hydrogen impurities that are suppressed at higher temperatures. Unfortunately, no 
definite identification of the hydrogen concentration could be shown in this study as 
XPS does not detect light elements.   
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5.2 Zr-doped ZnO films electrical properties 
 
5.2.1 Resistivity, carrier density and mobility of the ZnO: Zr films 
 
The effect of doping on resistivity is presented in Figure 66, based on both four-
point-probe and van der Pauw measurements. The doping concentration clearly 
affects the conductivity, with a minimum resistivity in the region between 1-4.8 at.% 
Zr. The reduction is due to mechanisms discussed later in this section. The lowest 
resulting value is 1.44×10
-3
 Ω·cm for 4.8 at.% doping, indicating that a further 
decrease is required to match the ITO resistivity. The lowest value was 
approximately the same as the previously reported ALD deposited ZnO: Zr films 
[25]
, 
while the effect of doping concentration on resistivity (initial decrease followed by 
an increase), is widely reported for other doped ZnO systems, such as ZnO: Al 
[30]
, 
ZnO: Ge 
[27]
, ZnO: Ga 
[37]
 and ZnO: Ni 
[173]
. 
The majority of carrier concentration and mobility was measured by Hall effect and 
the results are shown in Figure 67. The carrier concentration increases with Zr 
doping up to 4.8at. % and then decreases at higher doping, with all doped films 
showing higher values than the un-doped film. The maximum carrier density is at 
3.81×10
20
 cm
-3
 with a corresponding mobility of 10.4 cm
2
V
-1
s
-1
 for the 4.8 at.% 
sample. Those properties comply with the TCOs requirements of having carrier 
density in the order of 10
20
 cm
-3
 or higher 
[14]
. The carrier densities are consistent 
with the resistivity data, suggesting that the same reasons for the resistivity reduction 
up to 4.8at. % doping also applied for the carrier density increase.  
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Figure 66: Zr doping dependence of resistivity for films ~85 nm thick. 
 
In comparison to the literature, the value found in the current study for un-doped 
ZnO of 1.0×10
20
 cm
-3
 is consistent with ALD grown ZnO films at 200°C (200 nm) 
[208]
. On the other hand, the carrier density recorded for ~100 nm thick ALD films 
doped with 2% of Zr concentration, was lower (i.e. 2.2×10
20
 cm
-3
) than the current 
study, but the carrier mobility was higher (i.e. 19.7 cm
2
V
‒1
s
‒1
) 
[25]
. Carrier density of 
similar values was also reported for ZnO: Zr films grown by RF magnetron 
sputtering (300 nm) of 1.95×10
20
 cm
-3
 
[57]
, with mobility of ~15 cm
2
V
‒1
s
‒1
 again 
higher than the one of the current most conductive film. The films grown by spray 
pyrolysis 
[26]
 and sol gel method 
[49]
 showed a much lower resistivity in the order of 
10
-2
 Ω·cm and carrier density in the order of 1019 cm-3. This suggests that the carrier 
density in the current study is high, but scattering mechanisms reduced the carrier 
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mobility. The resistivity could be reduced further by controlling the scattering 
mechanisms as discussed in section 5.2.5.  
 
 
Figure 67: Zr doping dependence of carrier concentration and mobility for films 
~85 nm thick. 
 
5.2.2 Carrier density increase at low Zr doping levels 
 
The carrier density increase with Zr doping originates from the placement of Zr 
atoms within the ZnO film. The Zr ions in ZnO may sit on three possible sites within 
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increased. If Zr was substitutional to oxygen sites, the lattice would have a large 
lattice distortion due to the repulsive interaction between Zn and Zr ions 
[43]
, which 
would be observed as a larger increase in the d-spacing. The repulsive interaction 
makes it very difficult to form Zr-Zn bonds, although it was reported to be produced 
by a long chemical mixing process 
[333] 
with bond length of 2.7 Å. As a result, the 
most likely scenario based on the very small microstructural differences observed 
with doping in the current work is believed to be Zr substitutional to Zn sites. The 
carrier density increase is attributed to the additional Zr ions acting as donors. Zr is 
ionised into Zr
4+
 compared to the existing Zn
2+
, providing up to two extra electrons 
per ion 
[49]
. Its ionic state (Zr
4+
) is experimentally proven by the XPS data presented 
in section 5.4.1. 
The carrier density increase with doping is consistent with the first principle 
calculation study by Wang et al. 
[43]
, who examined the effect of all three placement 
possibilities. Their study showed that Zr substitution of Zn had the lowest formation 
energy (E
f) (‒3.68 eV) in comparison to placement onto interstitial (i.e. 2.13 eV) and 
oxygen sites (i.e. 3.28 eV) 
[43]
. The case of Zr substitutional to Zn resulted to an 
increase in the Fermi energy leading to higher conductivity, while the other two 
cases showed little impact 
[43]
.  
The formation energy is related to the impurity concentration (c) in the 
semiconductor, and hence influences the concentration of donors that are added to 
the system. The relationship is given by Equation 50 
[327]
. Based on this, a low 
activation energy results in a larger number of ionised impurities and as a result to a 
higher carrier density. The number of available sites is controlled by the doping 
ratio, which agrees with the experimental data at low doping, but does not explain 
the observed reduction in conductivity at higher doping level. 
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Equation 50 
           ( 
  
  
) 
where Nsites are the number of available placements in the lattice, k is the 
Boltzmann‟s constant and T is the temperature. Further information about the 
position of the Zr-O bonds in the structure were given by Pala and Metiu, who 
suggested that some dopants such as Zr prefer to substitute to Zn sites in the bulk, 
while others such as Co prefer to substitute to Zn sites at the surface 
[313]
.  
ZnO consists of ionic bonds between Zn
2+
 and O
2-
, thus, the ions are shared between 
them and do not contribute to conductivity. The free electrons causing the n-type 
semiconductor behaviour originate from the intrinsic donors and hydrogen in the 
films. By adding Zr
4+
 in the lattice, the extra two carriers per ion will contribute to 
conductivity. The expected added carriers by 5 at.% Zr doping can be estimated by 
calculating the total number of atoms in ZnO per cm
3
 using the theoretical density 
calculations (ρ=(number of atoms × atomic weight)/(unit cell volume × NA)) 
resulting in 4.1×10
22
 cm
-3
 atoms, from which 5% of the double donor will provide 
4.1×10
21
 cm
-3
 extra carriers. This significant difference to the experimental results of 
2.8×10
20
 cm
-3
 extra carriers, possibly suggests the formation of defects during 
doping. Hence, the carrier density increase measured for the Zr-doped films could be 
attributed to the free electrons by Zr atoms, but not all possible extra carriers act as 
free carriers. 
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5.2.3 Carrier density decrease at high Zr doping levels 
 
To confirm that 4.8 at.% Zr gives the most effective doping, a slightly thicker film of 
6.7 at.% doping was grown (96 nm compared to 83 nm for 4.8 at.% ). The resistivity 
recorded for the 6.7 at.% film (1.45×10
-3
 Ω·cm) is slightly higher than the 4.8 at.% 
film (1.44×10
-3
 Ω·cm), and well below the un-doped film resistivity of 
3.02×10
-3
 Ω·cm. The similar resistivity between the two doped films is the result of 
the higher carrier mobility of the 6.7 at.% film (i.e. 11.0 cm
2
V
-1
s
-1
 in comparison to 
10.4 cm
2
V
-1
s
-1
) and its lower carrier concentration (i.e. 3.23×10
20
 cm
-3
 in comparison 
to 3.81×10
20
 cm
-3
 of 4.8 at.%). The reduction of the free electrons concentration at 
higher doping suggested the formation of neutral defects.  
Paul et al. 
[49]
 suggested that neutral defects were formed at high Zr doping levels, 
causing the Zr donors ions to be neutralised. At high doping levels, acceptor defects 
can be formed that combine to some of the donors (neutralise), causing the reduction 
of conductivity. The intrinsic defects acting as acceptors are zinc vacancies (VZn) 
[95]
, 
which have the lowest formation energy of acceptor-type defects in ZnO 
[85]
. In fact, 
their formation energy decreases as the Fermi energy increases, leading to easier 
formation in n-type materials compared to p-type ones 
[85]
. VZn cannot contribute to 
p-type conductivity as they form deep acceptors. Nevertheless, their formation 
energy is lowest in oxygen rich conditions 
[333]
, leading to the assumption that 
increased concentration of oxygen in a highly n-type film (i.e. Fermi level high), 
would favour the formation of more zinc vacancies and thus neutralisation of free 
donors. The increase of resistivity could also be connected to Zr segregating at grain 
boundaries as doping increases according to the studies 
[49],[57]
. This has already been 
suggested in the previous chapter as a possible mechanism for explaining the 
Chapter 5                                    Electrical properties and chemical state of ZnO and ZnO: Zr 
 
160 
observed decrease in grain size with increasing doping. Zr segregation would not 
only result in carrier scattering at grain boundaries, but also to the carrier density 
decrease as the segregated dopants will not contribute to the addition of extra carriers 
in the system. 
In this study, it is proposed that the effect of carrier density decrease at high doping 
is due to a combination of both of these mechanisms. Zr segregation at grain 
boundaries causes enlargement of the boundaries through decrease of the grain size. 
As a result, the creation of larger boundary areas is likely to help drive the formation 
of more zinc vacancies. This is due to the tendency of ions traveling towards the 
material rather than grain boundaries, which create more vacancies in the 
boundaries. As a result, the combination of Zr
4+
 and VZn at the boundaries forms 
neutral defects and reduces the number of free electrons. This suggestion is 
supported by the observation of zinc vacancies in the doped films, which are in 
higher concentration for the two heavier doped films as shown by PL data in section 
6.3.2.1.  
 
5.2.4 Carrier mobility reduction with Zr doping 
 
The carrier mobility decreases with doping as shown in Figure 67. This reduction 
was related to the scattering mechanisms such as interfacial scattering, ionized and 
neutral impurity scattering, surface scattering, acoustic phonon scattering, 
piezoelectric scattering, scattering by dislocations, and scattering in the grain 
boundaries. The mechanisms were discussed in section 3.5.1 and some of those were 
neglected for the current measurements, such as the neutral impurity scattering, the 
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acoustic phonon scattering, and the piezoelectric scattering. The surface scattering is 
also rejected based on the small variations of roughness as the doping increases (see 
section 4.3.2). The ionized impurity scattering is expected to increase as doping 
increased in the current films, while the small variation in thickness might cause 
interfacial scattering increase as doping increases. 
The scattering at grain boundaries is directly related to the decrease of grain size, as 
it increases the boundaries size. Therefore, the decrease of grain size with increasing 
doping implied an increase of the grain boundary scattering. This is considered as 
one of the main aspects that contribute to the mobility reduction.  
The dislocation density can be estimated as the fraction of the square grain size (i.e. 
δ=1/D2) [265], and for the current films resulted in the order of 1010- 1011 cm-2 (i.e. 
1.7×10
11
 cm
-2
 in the a-axis and 3.0×10
10
 cm
‒2
 in c-axis based on the un-doped film‟s 
AFM data). As a result, the current films were expected to be affected by scattering 
of dislocations, as they exhibit dislocations higher than 10
8
 cm
-2
 
[265]
. The dislocation 
scattering was found higher for the heavier doped film (i.e. 3.1×10
11
 cm
-2
 and 
5.21×10
11
 cm
-2
) due to its small grain size, suggesting that dislocations are part of 
the scattering mechanisms causing the mobility reduction as doping was increased. 
The grains‟ orientation change is also considered as a factor that may affect the 
carrier scattering as it affects the number of boundaries encountered by the electrons 
travelling across the film. By taking the two extreme possibilities of films with fully 
a-axis and fully c-axis oriented grains, the number and length of grain boundaries 
varies between those directions, and so the scattering across them depends on the 
electric current‟s direction. However, this was not the case in the current films as 
shown by the AFM images (chapter 4), as the grains were randomly aligned in 
respect to each other in all orientation cases identified. As a result, the number of 
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boundaries faced is considered comparable in any orientation and so the grains‟ 
orientation was believed to have low influence in resistivity. 
Some of the scattering effects were simultaneous altered with doping, causing 
interfacial (thickness reduction), ionized impurity (doping increase), dislocation 
scattering and grain boundary scattering (grain size reduction). In order to identify 
the main parameter reducing the carrier mobility, a selection of films is compared.  
Firstly, same thickness films of un-doped and 6.7 at.% doped are compared and 
show that the mobility for the doped films was much lower than the un-doped film 
(i.e. 18.1 cm
2
V
‒1
s
‒1
 and 11.0 cm
2
V
‒1
s
‒1
). The difference suggests that the interfacial 
scattering was not the dominant scattering mechanism for the mobility reduction due 
to doping, implying that the small thickness difference across all the doped films had 
little effect on the electrical properties. However, the grain size reduction observed 
as dopant was added to the films (chapter 4) could still reduce the mobility. To 
evaluate that possibility, two films with similar grain size but different thickness are 
compared between an un-doped (95 nm) and a 4.8 at. % doped film (161 nm), with 
grain size of 57/25 nm and 65/23 nm respectively. The mobility of the un-doped film 
is again found to be higher than the doped one, having mobility of 18.1 cm
2
V
-1
s
-1
 in 
comparison to the doped film of 15.8 cm
2
V
-1
s
-1
. Based on the mobility difference, 
the effect of grain size difference across the doped set of films (Figure 67) does not 
appear to be the main reason for the mobility reduction. Consequently, the mobility 
reduction as doping is added to the films is believed to be driven by ionised impurity 
scattering. Future experiments on temperature dependence electrical measurements 
could reveal more information on the cause of the mobility reduction. For example, 
at high temperature Hall effect measurements the ionised impurity scattering is fixed 
as the carriers do not need more energy to be excited. At such case, it could be 
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feasible to observe the mobility shifts at different doped films, as well to determine 
whether the grain boundary scattering and the dislocation scattering are more 
dominant than the interfacial scattering.   
 
5.3.2 Refractive index 
 
The refractive index is a property that relates to the optical characterisations of the 
film. However, it was found to have the same trend as resistivity, suggesting that 
doping affects the refractive index in the same way as carrier density. The refractive 
index is the ratio of the speed of light and the light travelling through the sample. For 
materials allowing the light travelling faster through them, the refractive index is low 
indicating that most of the incident light is transmitted through the material and it is 
not reflected. The reflectance is thus low for materials with low refractive index, 
supported by the mathematical expression given by Equation 25 shown in chapter 3. 
The variation of the refractive index for the current films measured by the 
ellipsometer is shown in Figure 68. 
It is known that high carrier density can induce an increase of the optical gap, and 
therefore cause an increase of the absorption and decrease of the reflectance 
(Lambert-Beer‟s law). In the current study the optical gap was indeed found to 
increase up to 4.8 at.% doping (chapter 6), suggesting that the reflectance was 
reduced at that point due to the gap changes. This reduction was consistent with the 
refractive index reduction to the same point of 1.87 (unit-less) which is lower than 
the un-doped value of 1.95. Therefore, the reflectance and refractive index are 
inversely related to the carrier density of the films. This relation is consistent with 
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literature, as Bennet et al. suggested that the refractive index is affected by the 
bandgap widening/narrowing effects, and the free carrier absorption 
[335]
.  
 
 
Figure 68: Zr doping dependence of the refractive index for films ~85 nm thick. 
 
5.2.5 Improvement of electrical properties 
 
The resistivity of commercial ITO is about 10
-4
 Ω·cm [14], which indicates that the 
use of the Zr-doped ZnO films as its replacement requires further resistivity 
reduction by at least one order of magnitude through controlling the deposition 
parameters. Based on a review covering the maximum carrier mobility and density 
published, the lowest resistivity limit for doped ZnO is at 1×10
-4
 Ω·cm due to 
limitations by ionised impurity scattering 
[145]
. 
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Figure 69: Film thickness dependence of carrier concentration and mobility for 
4.8 at.% doped films.  
 
The two ways of reducing the resistivity is the increase of either the carrier 
concentration or the carrier mobility. With doping the carrier density was shown to 
increase up to 4.8 at.% doping, which suggests that this is the maximum limit of 
extra carriers by Zr doping. The resistivity can be reduced through increasing the 
mobility by measuring the scattering. The dominant scattering effect found earlier 
(ionised impurity scattering) cannot be reduced as the doping must be kept fixed to 
maintain the carrier density. As a result, the microstructural related scattering could 
be reduced through thickness control, which is the most precise parameter controlled 
in ALD. This was investigated by systematically increasing the film thickness 
through controlling the number of ALD cycles ranging from 300-1500, and by 
keeping the recipe fixed for all the other parameters. By increasing the overall film 
thickness and keeping everything else fixed, the grains increased in size (see chapter 
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4) resulting in the simultaneous decrease of dislocation scattering (reduction of 
dislocation density), interfacial scattering and grain boundary scattering. The surface 
roughness increase was the only parameter that might cause increase in carrier 
scattering.  
The carrier mobility and density as a function of thickness are shown in Figure 69. 
The mobility trend starts as linear and then sublinear as thickness increases. This is 
expected as carrier mobility theoretically follows an asymptote line until it gets to 
the bulk value. This increase shows that the scattering is reduced, but as the grain 
size and thickness simultaneously increase it is not possible to determine 
experimentally which scattering mechanism is driving the mobility increase. 
Nevertheless, based on Vancea and Hoffmann studies 
[336]
, the grain boundary 
scattering is the most dominant when the crystals are in the order of a few 
nanometres, while the interfacial scattering based on Boltzmann formalism 
[149]
 is 
generally responsible for the resistivity reduction in terms of overall film thickness 
(i.e. ρ=ρ∞[1+G(t
‒1
, mean free path)] 
[149]
). As a result, the resistivity reduction is 
often achieved through thickness increase as a method of interfacial scattering 
reduction, and it is reported to follow an asymptote trend line 
[36],[149],[330],[337]- [338]
.  
The carrier density was expected to be fixed as the thickness increased, due to the 
fixed number of impurities added to the films. However, as shown in Figure 69, the 
carrier density follows an asymptote line with large changes at low thickness and 
very small changes between the thicker films. This could be associated to strain 
changes within the films. Strain within the film may shift the distribution of the 
density of states that affects the arrangement of electrons within the energy states 
[73]
. 
As a result, compression strain in a lattice could cause electron rearrangement into 
higher energy states and increase the energy gap while a tensile strain will have the 
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opposite effect. Therefore, large grains which induce tensile strain in the film are 
related to a bandgap reduction, while reduction of their size results in compression 
and the increase of the bandgap. The energy gap changes may affect the population 
of the bands as the carrier density depends on the energy gap (i.e. n   exp(-Eg)) 
[73]
. 
As a result, in the current films the gap is expected to be reduced as the tensile strain 
increases with thickness, causing an increase of the carrier density. The strain 
increase shown in chapter 4 supports this theory as it follows the same trend as the 
Hall effect measurements shown in Figure 69. 
 
 
Figure 70: Film thickness dependence of resistivity for 4.8 at.% doped films. 
 
The resistivity decreases asymptotically by a factor of 3 as thickness increases from 
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drop-off effect for very thin films (<100 nm) is attributed to the strain sensitivity of 
very thin films before reaching the bulk thickness. The resistivity recorded is within 
the required order of magnitude at 7.5×10
‒4
 Ω·cm, while the carrier density reaches 
as high as 4.16×10
20
 cm
-3
 and the mobility up to 19.6 cm
2
V
‒1
s
-1
. In comparison to 
literature, the resistivity found in the current study was even lower than comparable 
thickness ALD films doped with Al having resistivity of 7.7×10
‒4
 Ω·cm [34] and 
2.4×10
‒3
 Ω·cm [186], as well as for Ga-doped ZnO films having resistivity of 
8×10
-4
 Ω·cm [38]. 
 
5.3 Degeneracy of the ZnO films 
 
The degeneracy of the films determines the semi-metallic behaviour of the 
semiconductor. This occurs in heavily doped films such as the ones in the current 
study, showing very high carrier concentration. In order to determine if the films are 
degenerate, the Bohr radius has to be compared to the distance between the excitons, 
as discussed in the following paragraphs.  
The Bohr radius is the distance between the nucleus and an electron travelling in the 
first orbit 
[339]
. This is expressed in relation to the hydrogen first Bohr orbit radius 
(α0) equal to 0.53Å, and the dielectric constant of ZnO (εZn = 8.49 
[340]
), as shown in 
Equation 51 
[73]
. 
Equation 51 
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From the above relation the Bohr radius for ZnO with effective mass (m*) at the 
bottom of the parabolic CB (=0.28m0 
[62]
), is equal to 1.6 nm. The Bohr radius for 
ZnO is high due to the high dielectric constant and the low effective mass (i.e. 
naturally high electron density), indicating low Coulomb attraction forces.  
The excitons move freely in the material separated with each other by distance (r0), 
expressed in Equation 52 
[341]
. As seen by this relation, the distance is inversely 
proportional to carrier density (ne). Therefore, for degenerate semiconductors with 
very high values for ne, the distance between the excitons will be very small. When 
the distance (r0) is equal to Bohr radius (α), the excitons overlap with each other and 
the Coulomb interaction is neglected 
[17]
.  
Equation 52 
   (
    
 
)
 
 
 
 
According to Mott-Edwards-Sienko (MES) criterion, if the free carrier concentration 
overcomes the critical value (Mott density) of overlapping excitons, then the Fermi 
level is located above the conduction band minimum 
[76]
. This results in the 
transition of semi-insulating behaviour to semi-metallic in degenerate 
semiconductors. The transition is related to the filling of the CB minimum, known as 
the Burstein-Moss effect 
[342]
. During the transition the boson character 
(quasiparticles) of excitons is reduced and results in electron-hole plasma 
recombinations. This will lead to bandgap narrowing at high photoexcitation 
intensity (see chapter 6). To evaluate whether the material becomes degenerate, the 
dimensionless quantity rs was calculated. This corresponds to the ratio of the average 
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electron distance to Bohr radius (i.e. rs = r0/ α). The typical values are 2-5 for metals, 
while for degenerate materials the value is less or equal to unity 
[81]
.  
For a direct comparison to the carrier density measured using the Hall effect, the 
critical density (NC) is given by Equation 53 
[343]
. The critical value for the current 
ZnO is 4.29×10
18
 cm
‒3
, which is comparable to most of the published critical values 
found in literature (e.g. 3×10
17
 cm
˗3
 
[113]
, 5×10
17
 cm
˗3
 
[100]
, 1.5×10
18
 cm
˗3
 
[344]
 
4×10
18
 cm
˗3
 
[17]
, 6.41×10
18
 cm
-3
 
[76]
, and 5×10
19
 cm
-3
 
[100]
). The carrier concentration 
for all films is well above this critical value, suggesting semi-metallic behaviour.  
Equation 53 
  
   
       
In order to confirm the degeneracy, rs is calculated for all the doped films. The 
distance r0 increases with the carrier density and the Bohr radius of the donors (αd) 
increases with the effective mass (related to carrier density) and with the dielectric 
constant of Zr. The relation is shown in Equation 54 that uses the dielectric constant 
of zirconium oxide (εZr =25 unit-less 
[345]
), and the electron effective mass (m*) 
calculated in chapter 6. The increase of Bohr radius leads to the reduction of rs as 
shown in Table 8. 
Equation 54 
   
   
     
   
All films grown for this study have rs less than unity, confirming that the samples are 
degenerate. Therefore, the Fermi level always lies above the CB minimum even for 
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the un-doped film, suggesting that the films might show Burstein-Moss effect and 
bandgap renormalisation effects at such high densities (see chapter 6).  
 
Table 8: Calculation of quantity rs for all samples 
Zr contents 
(at.%) 
Bohr radius 
(nm) 
r0 (nm) 
rs (unit-
less) 
0.0 1.60 1.34 0.83 
1.0 3.98 1.19 0.30 
2.7 3.65 0.93 0.25 
4.8 3.53 0.86 0.24 
6.7 3.64 0.92 0.25 
9.1 3.77 1.01 0.27 
 
 
 
Figure 71: Calculated Fermi energy level above the CB in relation to the carrier 
concentration. 
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By knowing the carrier concentration for each film it is possible to estimate the level 
of Fermi level (EF). Therefore, EF with respect to the bottom of the CB is calculated 
using Equation 55 
[346]
, and Figure 71 shows the Fermi level increase as the carrier 
density increases. The Fermi level is thus shown to be higher than the CB minimum 
for all films. 
Equation 55 
   (
   
  
)
     
   
 [     (
  
  
   )]
 
 
5.4 Chemical state 
 
XPS cannot be used for quantitative analysis of rough surface films such as the 
current films due to the photoelectron scattering effects as it was explained in 
chapter 3. The difficulties faced to get an accurate composition map were also 
reported by other studies such as the one by Chen et al. 
[347]
, who tried obtaining the 
Al composition of ZnO: Al films and attributed the reasons to the low Al 
concentration and the low values of the ionization cross section of Al. 
Nevertheless, for the current study an additional difficulty was the doping deposition 
method (delta method) that restricted the dopants at specific places within the lattice, 
and as the technique gives accurate information up to 2 nm below surface the 
dopants might be not detected in their full concentration. Note that although vacuum 
annealing was carried out at 400°C for some films, the photoelectron scattering 
effects were causing too much scattering to obtain the full Zr concentration. Those 
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effects only affected the XPS peak intensities originated from the signal received 
from each element, but not the binding energy (BE) as it should be only affected by 
the chemical changes within the film. Consequently, although no accurate 
composition data can be extracted from XPS, it can be used as a proof of the dopants 
existence. 
 
5.4.1 XPS spectrum analysis 
 
Zr-doped ZnO thin films were characterised by XPS, with full survey scans in the 
range of 0‒1286 eV. The 4.8 at.% Zr sample with thickness of 250nm is taken as an 
example of XPS characterisation due to its strong signals from the main elements 
(Figure 72). The main core-level peaks are observed as high intensity peaks at 
1022 eV, 183 eV and 531 eV BE for Zn (2p3/2), Zr (3d5/2) and O (1s) respectively. 
The dominant intensity of those peaks indicated that Zr atoms are mostly populated 
in the 3d orbital and Zn atoms in the 2p orbital. However, electrons from lower and 
higher orbitals are also photoexcited for Zr and Zn elements respectively, shown by 
the Zr 3p5/2/3p3/2 and Zn 3d5/2/3d3/2 peaks. Those peaks are not analysed further due 
to their lower intensity to the dominant peaks, but their intensities are directly related 
to changes observed in the dominant peaks. The peak positions may vary due to 
energy shifts induced by chemical bonding environment and thus can provide useful 
information about bonding states.  
Any dotted lines in the presented XPS graphs correspond to the reference positions 
of each peak according to the equipment‟s manual. The carbon peak associated with 
hydrocarbon bonds at a binding energy of 285 eV was used to calibrate the energy 
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scale of the XPS spectra. This calibration corrects for any shifts in the energy scale 
induced by surface charging.   
 
 
Figure 72: XPS Survey for the 250nm thick film with 4.8 at. % Zr doping. 
 
The doped samples were also scanned in the core-level elements‟ regions for more 
accuracy in the peak details. The Zn spectrum for 2p electrons is shown in Figure 73 
for the 250 nm 4.8 at.% film and for all the thinner doped films. The peaks are 
located at 1022 eV and 1045.1 eV for the thicker film (the same as the thinner film 
with the same doping), which is slightly increased from the un-doped at energies of 
1021.5 eV and 1044.6 eV. The corresponding reference peaks were in agreement to 
the results with energies of 1022 eV and 1045 eV 
[348]
. Nevertheless, other studies 
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with Zr-doped ZnO films showed lower energies after doping (i.e. 1021.7 eV 
[57]
, 
1021.8 eV 
[56]
), but are in close approximation to the current study. On the other 
hand, the low energy peak in the un-doped film is similar to Zn metals binding 
energy at 1021.5 eV 
[349]
. However, it is not considered as metallic due to the already 
proven ZnO phase by XRD measurements. The doping effect on the BE induced 
energy shifts to higher energies, suggesting higher oxidation states for all doped 
films. 
 
 
Figure 73:  XPS Spectra for Zn 2p peaks for 250nm thick film with 4.8 at. % Zr 
doping and all doped thin films presented in the smaller window. 
 
The spin-orbit coupling for the p orbital stayed the same as the energy difference 
between the Zn 2p peaks are at 23.1 eV, indicating that the peaks correspond to Zn
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in ZnO 
[200]
. The peak area ratio was expected to be at 1:2, which is consistent with 
the experimental ratio of 0.53 for the un-doped film and it is slightly lower for the 
doped ones of 0.51‒0.52. The small variation is attributed to the different 
background intensities between the films caused by the shake-up satellite peaks due 
to the relaxation of valence electrons to higher unfilled levels 
[348]
.  
 
 
Figure 74: XPS spectrum for the Zr 3d peaks for 250nm thick film with 4.8 at. % Zr 
doping and all doped thin films presented in the smaller window. 
 
The Zr peaks shown in Figure 74 using the 4.8 at.% doped film, are found at 
182.4 eV and 184.7 eV for the Zr 3d spin-orbit double (i.e. Zr 3d3/2 and Zr 3d5/2), 
which are related to Zr
4+
 valence state in the oxide film 
[350]
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exist as separated atoms in metallic form with binding energy of 179 eV. Note that 
the peak intensity is different between the thin and thicker films with the same 
doping (i.e. 83 nm and 250 nm), but they show identical peak positions. This 
suggests that the films are chemically the same. The peak intensity difference 
though, suggests that XPS is not the appropriate technique for quantitative analysis.  
The intensity changes between the films with the same doping are attributed to 
photoelectron scattering effects, which was more prominent in c-axis orientated 
grains rather than a-axis preferred orientated grains (i.e. 250 nm film), and so are not 
corresponding to the overall doping percentage. Consequently, although no 
composition data were obtained, the Zr peaks existence in all films indicates the 
existence of Zr atoms in their lattice in its ionic state.  
The binding energies for Zr
4+
 are slightly lower than the ones reported in 
[200]
 with 
peaks at 183 eV and 185 eV, but they are slightly higher than the ones reported in 
[56]
 
with energies at 182 eV and 184.3 eV. The values are similar to the ones reported in 
[57]
, with energies at 182.6 eV and 185 eV respectively.  The close proximity to the 
reference indicates the existence of Zr
4+
 in the ZnO lattice. As the Zr 3d peaks are 
known to have shake-up satellites (i.e. features near core-level peaks), they may have 
caused the shift in the Zr related energy peaks, similarly to the Zn related peaks. 
The spin-orbit splitting indicated by the peaks difference is at 2.3 eV for the films of 
1-4.8 at.% Zr doping consistent with reference 
[56]
. As doping increases the BE shifts 
to lower energies of 181.8 eV and 184.4 eV for 6.7 at.%, with their separation energy 
to be increased at 2.4 eV for the two heavier doped samples, consistent with the 
reference 
[57]
. This small difference is attributed to the compressive forces acting on 
dopants as its concentration increases, causing increase of the spin-orbits distance.    
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Figure 75: XPS spectrum for the O 1s1/2 peak for 250nm thick film with 4.8 at. % Zr 
doping and all doped thin films presented in the smaller window graph. 
 
Figure 75 shows the region covering the oxygen binding energy for the O 1s1/2 peak 
with reference the dotted line at 531 eV. The oxygen peak usually consists of three 
components, although only the first two were identified in the current results. The 
first component (OI) is located at 530.1±0.2 eV and corresponds to O
2-
 ions of lattice 
oxygen bonding within ZnO crystals 
[31]
. The second one (OII) located at 
531.3±0.2 eV is associated to the O
2- 
ions 
[349]
, representing oxygen vacancies in the 
structure. The last component (OIII) at 532.4±0.2 eV indicates the non-stoichiometric 
near-surface oxygen atoms in carbonate ions, surface hydroxylation, adsorbed H2O 
and absorbed O2 
[200]
, and it is often associated with OH groups at the surface 
[290]
. In 
this study only the first two components are detected with the peak analysis of three 
samples shown in Figure 76 and their peak energy values in Table 9. 
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Figure 76: XPS of O 1s components for a) 0 at.%, b) 4.8 at.%, and c) 9.1 at.% doped 
films. The blue line shows the measured peak, the red line is the fitted line for OI, 
and the green line for OII. 
 
In the current study, both OI and OII components shift to higher BE as doping 
increases, suggesting an increase in oxidation and indicating that more oxygen 
bonded to metal ions. This is similar to a study regarding n-type co-doped Ga-Al and 
Ga-B ZnO films 
[351]
.  
 
Table 9: BE of the two oxygen components as found in XPS. 
Zr content (at.%) OI (eV) OII (eV) 
0 530.1 531.0 
4.8 530.4 531.5 
9.1 530.4 531.9 
 
 
5.4.2 Chemical shift 
 
In order to evaluate the chemical state changes due to doping without the effect of 
surface charging, the Auger parameters for Zn (αZn) can be calculated using Equation 
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56 
[352]
. The relation derived by Wagner 
[353]
 is based on the binding energy of Zn 
(2p3/2) and the kinetic energy deduced using the Auger transition line of Zn 
(L3M45M45) at ~498 eV. The connection was derived using the relation of Auger 
chemical shifts to photoelectron chemical shifts 
[353]
. As a result, this quantity is 
often used for referencing as it neglects the effects of work function and surface 
dipole 
[354]
, which are the main causes of shifts in XPS. The presented relation is the 
one formatted by Gaarenstroom and Winograd 
[355]
, who suggested using the sum of 
line energies in contrast to the kinetic energies subtraction suggested by Wagner, in 
order to avoid the effects of X-rays on the electron binding energies (e.g.  Zn 2p3/2). 
Note that the Auger emission occurs when an electron relaxes to a lower energy level 
to fill in a vacancy, a recombination resulting to photon emission (i.e. vacancy 
created after X-rays ionised an electron). 
Equation 56 
                               
The Auger parameter change is also known to equal the relaxation energies in the 
element, consisting of extra-atomic relaxation R
ea
 or polarisation energy (i.e. ΔαZn = 
2R
ea
) 
[356]
. As a result, an increase of the shift in the Auger parameter is related to the 
increase of the electronic polarisation induced by the effect of neighbouring ions in 
the solid 
[357]
.  
In ZnO the Auger parameter shift is 3.9 eV 
[353],[355]
 in relation to the metallic 
energies (i.e. αZn=2014.1 eV). The same reference point was used in the current 
study‟s calculations (Table 10), which resulted in slightly higher parameter even for 
the un-doped film (i.e. 4.16 eV).The Auger parameter of 2009.9 eV for the un-doped 
film matches the reference of 2009.8-2009.9 eV set by Wagner for ZnO films 
[357]
. 
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Additionally it is consistent with ALD deposited thin films of 3 nm thickness 
(αZn=2009.7 eV), which had a slightly lower value due to the chemical changes by 
the dominant Zn (OH)2 in the initial monolayers 
[358]
. The parameter in the current 
study does not shift much as doping is added (i.e. in Table 10 ΔαZn was in the order 
of 10
-2
) indicating the formation of stoichiometric ZnO films. This is in contrast to 
other dopants such as F (αZn=2012.6 eV 
[352]
), In (αZn=2011.48 eV 
[352]
) and Al 
(αZn=2009.1 eV 
[359]
) showing higher Auger parameter. However, the Auger 
parameter difference increases at 6.7 at.% doping in the current films. Nonetheless, 
the shift is small compared to other doped systems mentioned earlier indicating 
almost negligible changes. On the other hand, the 9.1 at.% film show no increase as 
the number of free electrons (charge) was reduced at that point.  
 
Table 10: Auger Parameter and chemical shifts calculated for Zr-doped films. 
Zr contents 
(at.%) 
αZn (eV) 
ΔαZn (eV) 
Ref 
ΔαZn (eV) 
Doping 
Chemical shift 
(eV) 
0 2009.94 -4.16 0.00 2.70 
1 2009.92 -4.18 0.02 2.24 
2.7 2009.99 -4.11 -0.05 2.47 
4.8 2009.93 -4.17 0.01 2.22 
6.7 2010.18 -3.92 -0.24 2.31 
9.1 2009.95 -4.15 -0.01 2.47 
 
The 250 nm doped film shows the greater Auger energy shift of αZn=2010.42 eV. 
The increase was related to mobility, crystallinity and absorption increase as 
thickness was higher, which are reported to affect the Auger parameters 
[357]
. The 
increase of polarizability leads to greater Auger shifts, which is believed to be the 
case for the thicker film due to its increased charge from the dopants. 
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The Auger parameter was used to calculate the corrected value of chemical shift (Δε) 
related to the kinetic energy difference to literature (ΔEk) and the relaxation energy 
(ΔR), which is equal to half auger parameter [356]. The relation is shown in Equation 
57 
[357]
 and the calculated values for the current films are shown in Table 10. The 
relation to doping follows the same relation of polarisation and charge in the films as 
stated earlier.  
Equation 57 
            
 
5.6 Conclusion 
 
The electrical properties of the Zr-doped ZnO films were evaluated, indicating 
conductivity of a good TCO material. The conductivity was controlled by ALD 
growth through the deposition temperature, the doping concentration, and the 
thickness of the films set by the number of ALD cycles. In more detail, the growth 
temperature of 200°C was found to result in most conductive ZnO films, and since it 
was within the ALD window it was selected as the standard parameter set for all 
subsequent runs. The Zr doping percentage was found to reduce the resistivity 
reaching a minimum at 4.8 at.% Zr concentration, before increased again. The 
reduction was attributed to the extra ions provided by Zr
4+
 as they substituted Zn
2+
. 
The high carrier density led to degenerate films, as shown by the small ratio of Bohr 
radius to electrons average distance. This resulted in Fermi level shifts at higher 
energy. The experimental reduction of carrier density compared to the theoretical 
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ones, was mainly attributed to the mobility scattering by ionized impurities. On the 
other hand, the increase of resistivity from 6.7 at.% Zr doping was attributed to the 
formation of zinc vacancies (acceptors) at the boundaries that cause neutralization of 
the extra donors also located at the grain boundaries. The case was supported by the 
small Auger parameter shift, suggesting minimum effect from charged particles at 
the heavier doped film. All films were shown to have Zr
4+
 incorporated in the lattice 
based on the XPS measurements. 
The lowest resistivity was obtained with 4.8 at.% Zr concentration that showed the 
higher carrier density. Therefore, to overcome the scattering issues such as 
interfacial, dislocation and grain boundary scattering, thicker films having large 
grains were deposited up to 250 nm. The resistivity decreased exponentially and the 
mobility increased linearly as the film thickness was increased. The carrier density 
was found to be increased with thickness attributed to the tensile strain affecting the 
electron band structure of the films. As a result, the resistivity was decreased due to 
the increased carrier density and mobility, reaching the minimum value of 
7.5×10
-4
 Ω·cm with film thickness 250 nm (carrier density = 4.16×1020 cm-3 and 
mobility = 19.6 cm
2
V
‒1
s
‒1
). 
Another important finding was the relationship between the refractive index and 
carrier density due to the degenerate character of the films. The relation showed that 
the more conductive films resulted in decreased refractive index. This effect 
suggested that carrier density will affect the bandgap and transparency of the films, 
as it will be analysed in the following chapter. 
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Chapter 6 
Optical properties of ZnO and Zr-
doped ZnO films 
 
6.1 Introduction 
 
This chapter focused on the optical properties of Zr-doped ZnO, such as the 
transparency that is of high importance for TCOs. The transparency of TCO for 
photovoltaic applications must be as high as possible across the working spectral 
range of the devices in order to maximise the photocurrent, which typically means 
transparency higher than 80% in the visible region 
[35]-[145]
. For commercial ITO, 
transparency of at least 85% 
[15],[18],[20],[149]
 can be achieved and hence it is desirable 
to match or exceed this value for any replacement of TCO.  For degenerate materials 
the absorption may occur in the visible range, something considered as a 
disadvantage for TCOs in PVs, since the full visible spectrum has to pass through to 
the absorber. As a result, for TCO applications it is required to have the plasma edge 
at near IR wavelength 
[39]
. 
In this chapter, the optical properties such as transmittance, optical gap and defect 
states are investigated using spectrophotometry and photoluminescence (PL). The 
analysis will focus on the effects of doping on the optical gap, while the Drude 
model will be used to estimate the carrier concentration.   
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6.2 Spectrophotometry 
 
6.2.1 Transmittance   
 
The optical transmittance spectra of the Zr-doped ZnO films are shown in Figure 77 
for full range (300-2600 nm) and for visible range data (380-780 nm). The plots 
include the transmittance line of an un-coated glass used to normalise the 
transmittance values of the films.  
The figures show high transparency for the un-doped and doped ZnO films in the 
visible and short wave IR range (380-2000 nm). The decrease observed from that 
point onwards indicates plasma frequency changes. This was expected from the 
direct relationship between the carrier density and plasma frequency, suggesting that 
the more conductive films will show increased plasma frequency (greater line slope). 
The trend is consistent with the Hall measurements (Chapter 5), in which the carriers 
increased up to 4.8 at.% before decreased again.  
The other observation from Figure 77 is the blue-shift of the absorption edge as 
doping increased. This indicates increase of the optical gap with doping up to 
4.8 at.% Zr. The films with 4.8-9.1 at.% doping show absorption edge at similar 
wavelength hence indicate small variation of the optical gap. The optical gaps for all 
films are estimated using the Tauc relation as shown in part 6.2.3. 
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a)  
 
b)  
 
Figure 77: a) Full range transmittance spectra, b) visible range transmittance of 
~85 nm thick Zr-doped ZnO films as a function of the atomic concentration of Zr.  
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Figure 78: Zr doping dependence of the average normalised transparency (±0.3% 
error) for films ~85 nm thick. 
 
The average transmittance for the Zr-doped films is shown in Figure 78. In the 
visible region all the films show transmittance above 84%, with the lowest value 
being the one with 9.1 at.% Zr. The samples of 1-4.8 at.% Zr doping show increased 
transmittance of 87-88% in comparison to the un-doped sample of 86%. The data 
show that the more conductive films (1-4.8 at.%) are the more transparent ones. The 
transmittance in the near IR spectrum is high for the doped samples with values up to 
89% (4.8 at.%) compared to the un-doped sample of 86%. The transmittance average 
is related to the optical gap changes occurring at degenerate films. The optical gap 
increases at high carrier density due to the band filling effects (Burstein-Moss), 
causing reduction of the absorption. The absorption is inversely proportional to 
transmittance, thus the absorption reduction leads to the transparency increase. As a 
result, the degeneracy of films allows control over the optical gap and transmittance.  
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a)  
 
b)  
 
Figure 79: a) Full range transmittance spectra, b) visible range transmittance of 
4.8 at.% Zr-doped ZnO films as a function of the overall film thickness. 
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Figure 80: Thickness dependence of the average normalised transparency (±0.3% 
error) for films doped with 4.8 at.% Zr. 
 
The transmittance of the thicker films with fixed 4.8 at.% doping is shown in Figure 
79. Again the transparency is high for all films in the visible and near IR spectrum, 
showing a decrease at short wave IR range (1400-2000 nm). The absorption edge is 
red-shifting with thickness increase, indicating reduction of the optical gap. This is 
due to the increased tensile strain as the film thickness increases, which causes 
bandgap reduction. The plasma frequency is increased due to the carrier 
concentration increase, similarly to the samples in Figure 77. The position of the 
plasma frequency for all samples at short wave IR range complies with the 
requirement of a wide transparent range for TCOs. Consistent to the theory discussed 
in section 3.7.1, the oscillations become denser as the film thickness increases due to 
the increased internal reflections and higher interference between the two interfaces. 
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The average transparency at each region is shown in Figure 80. As thickness 
increases, the transparency in the visible region increases up to 91% for the 161 nm 
film and then decreases to 88% for the thicker film. The near IR region on the other 
hand shows increased values for the thinner films, reaching 91% for the 50 nm film. 
The transparency is then decreased to 87% for the 250 nm film. Therefore, the 
transparency in the visible spectrum can be enhanced with thickness increase, while 
if high near IR transparency is required then it will be more effective to use thinner 
films. In comparison to previous studies with Zr-doped ZnO films, the values are 
comparable of the reported 86% 
[50]
, 90% 
[51],[56]
, 91% 
[29]
, and even 92% 
[25],[26],[53]
. 
The performance of TCOs is express by the figure of merit, which is calculated by 
Haacle‟s formula [146] (Equation 58). The values close to unity are considered as the 
best performance 
[360]
. An indication of the target value for a competitive TCO is 
4×10
-2 Ω-1 resulting from at least 90% transparency and 10 Ω/square sheet resistance 
[361]
. 
Equation 58 
    
  
  
  
 
where Tr is the average transmittance in the visible region and Rs is the sheet 
resistance. The current films show improved value as the thickness of the 4.8 at.% 
doped films increased from 83 nm (FTC=0.14×10
-2 Ω-1) to 250 nm film (FTC= 
0.93×10
-2 Ω-1). These values were relatively low compared to the best performance 
for TCOs, but are close to figures of ITO films grown by spin coating of 
1.19×10
-2
 Ω‒1 [362]. The results of the current study are promising compared to other 
doped ZnO films deposited by ALD, such 100 nm Al-doped ZnO (FTC= 
0.10×10
-2 Ω-1) [187], 180 nm In-doped ZnO (FTC=0.12×10
-2 Ω-1) [192], 100 nm Ti-
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doped ZnO (FTC=0.12×10
-2 Ω-1) [171], and 200 nm Hf-doped ZnO (FTC=0.36×10
-2 Ω-1) 
[28]
. 
 
6.2.2 Drude model calculations 
 
The carrier concentration (Figure 81) and the film resistivity (Figure 82) could be 
estimated using the transmittance data and the Drude model. The carrier density 
estimated by the Drude model is higher than the experimental Hall effect values. A 
similar difference is shown between the Drude model values and the ones measured 
by four-point-probe and Hall effect. 
The difference between the data was previously reported and it was attributed to the 
non-electrically homogeneous films measured, in contrary to the theoretical 
conditions of Drude model 
[363]
. This was supported by Kim et al. who reported that 
films with large grain boundaries showed greater difference in carrier density 
measured by the Hall effect and the Drude model 
[364]
. Therefore, the difference is 
based on the fact that no scattering mechanisms are taken into account in this 
theoretical model. Those mechanisms for the current films were identified in chapter 
5 as ionised impurity, interfacial, dislocation and grain boundary scattering. Another 
effect of the difference is the use of a fixed number for the effective mass (0.4 m0) 
for all the films, which in reality changes in relation to the carrier density changes. 
Therefore, the theoretical values could be improved and match other experimentally 
measured values by using a modified effective mass. This is further analysed along 
with the PL data in section 6.3.2.4.  
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Figure 81: Carrier density comparison between the spectrophotometer data and 
Hall effect measurements. 
 
 
Figure 82: Resistivity comparison between experimental (Hall effect and four-point-
probe) and theoretical values (Drude model). 
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6.2.3 Optical bandgap calculation 
 
The transmittance (Tr) data can also provide information about the light absorption in 
a wide range of photon energies (hv). The absorption coefficient (α) can be 
calculated by the inverse application of Lambert-Beer‟s law (Equation 59) [351], 
where t is the film thickness. 
Equation 59 
  
 
 
  [
 
  
] 
 
 
Figure 83: Tauc plots for (i) 0 at.%, (ii) 1.0 at.%, (iii) 2.7 at.%, and (iv) 4.8 at.% Zr-
doped films. 
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The values of absorption coefficient were estimated with the use of SCOUT 3.0 
spectrum simulation software, and were later on used to calculate the optical gap (Eg) 
over the range of photon energies (hv) as given in Equation 2 
[73]
. 
Equation 60 
                
where B is a constant based on the electron-hole mobility. Tauc plots are then plotted 
as (ahv)
2
 vs. hv, in order to estimate the optical gap by the intersection of the graph 
to the y-axis. Fitted lines were used to the linear part of the curves, as shown in 
Figure 83.  
 
Table 11: Optical gap values taken from Tauc plots with ±0.04 nm uncertainty. 
Zr contents (at. %) 
Optical gap 
(eV) 
0 3.29 
1 3.33 
2.7 3.46 
4.8 3.53 
6.7 3.50 
9.1 3.50 
 
The optical gap values for the doped films are presented in Table 11. The data 
showed that as doping increases the gap is increasing, which is consistent with a 
study on Zr-doped films that attributed the effect to the grain size reduction due to 
doping 
[48]
. However, this cannot be the case in the current study as the same shift 
was also observed for films having larger grains and same doping concentration (i.e. 
thicker films). This blue-shift was also confirmed by PL measurements. Hence, the 
shift is attributed to Burstein-Moss and many-body effects, resulting in optical gap 
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enlargement and narrowing respectively. This gap increase is consistent with the 
carrier density increase up to 4.8 at.% Zr doping (3.53 eV), which then is reduced for 
the two heavily doped films with lower carrier density.  
 
6.2.4 Conclusion of the Spectrophotometry results 
 
In conclusion, the high visible and near infrared transmittance of the ZnO: Zr films 
provide good properties for TCOs, in addition to the previously measured low 
resistivity values. The transparency was found at its maximum for the more 
conductive films (88%), and the optical gap was increased consistent with the carrier 
density increase at low Zr doping. The optical gap increase up to 3.53 eV is 
attributed to band filling effects. Further carrier density increase with thickness 
increase, showed even higher transparency up to 91% in the visible spectrum, and up 
to 91% in the near IR for the 50 nm thick film. 
 
6.3 Photoluminescence 
 
6.3.1 PL on un-doped ZnO films 
6.3.1.1 Growth Temperature effect on the un-doped ZnO films 
 
The PL data shown in Figure 84 are from the un-doped films on glass substrates, 
grown at different temperatures. The measurements were carried out with the lower 
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available excitation intensity (1.49 MW/cm
2
 as determined in section 3.6.2) in order 
to obtain a full range of intensity data (i.e. at higher intensity the PL peaks were 
saturated).  
 
 
Figure 84: Growth temperature dependence of PL emission for ZnO films on glass. 
 
The dominant emission is located at ~3.18-3.22 eV (i.e. 385-390 nm), which is 
consistent with the NBE reported in literature at 3.21-3.26 eV 
[99],[101]
. All films show 
strong emission in the blue-green band (i.e. UV region below 400 nm) and weak 
defect-related emission in the region above 400 nm. The weak defect-related 
emission usually indicates low defect concentration and high quality films, but in the 
current measurements the use of high excitation intensity may be the cause of the 
defects passivation. The weak emission presented at ~2.36 eV (525 nm), corresponds 
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to oxygen defect emission from the recombination of electrons trapped in oxygen 
vacancy defect states to holes in the VBM 
[105]
. As shown in the magnification graph, 
the sample grown at 150°C has higher defect peak, indicating the creation of defects 
due to the lack of thermal energy and thus caused the formation of incomplete bonds 
(increase of oxygen vacancies). 
 
 
Figure 85: Growth temperature dependence of PL peaks for ZnO films 60-100 nm 
thick on glass. 
 
For further analysis the peak position, the FWHM and the peak intensity are plotted 
in Figure 85. The peak position shows energy increase with growth temperature. The 
emission energy reduction (red-shifting) is related to the tensile strain induced in the 
films, while the compressive strain induces energy increase (blue-shifting) 
[73]
. This 
phenomenon is more intense in very small structures (i.e. smaller than 12 Å 
[365]
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due to the quantum effect, but it is also valid for larger structures. This was 
suggested by Glinka et al. 
[366]
, who showed that the blue-shifting in PL was due to 
the decreased size of material fragments causing increased scattering in grain 
boundaries. Therefore, the blue shifting of the bandgap observed in the current 
measurements is associated with the compressive strain increase as the grain size 
reduces (lower thickness) for high temperature grown films (see section 4.2). 
The FWHM on the other hand, is used as an indication of the good quality of the 
films crystals 
[367]
. It is reduced as growth temperature increases showing improved 
crystal formation. However, the intensity of those peaks is different than the 
broadness trend, with the sample grown at 200°C showing the highest peak intensity. 
The peak intensity is related to the conductivity of the samples as it expresses the 
amount of electron-hole recombinations. In more detail, the radiative recombination 
rate (R) is directly proportional to the electron (ne) and hole (np) concentration (i.e. 
R=B×ne×np where B is a constant 
[73]
), expressing the rate of photons generated per 
unit volume 
[73]
. Hence, in a degenerate semiconductor were ne>> np, an increase of 
ne will lead to more radiative recombinations in PL. Therefore, the stronger PL 
signal at 200°C is consistent with the higher carrier density shown in section 5.2.1, 
leading to more photo-excited electrons. 
 
6.3.1.2 Excitation energy dependence on the PL signal of the un-doped films 
 
The changes in emissions with different excitation intensity could reveal the origin 
of the recombination. Based on that, the un-doped film on glass substrate grown at 
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200°C was tested by varying the excitation energy at room temperature, as shown in 
Figure 86.  
 
 
Figure 86:  Excitation energy dependence of PL emission for ZnO film grown at 
200°C on glass. 
 
The emission peak is shown to be red-shifted (i.e. 3.21-3.11 eV) and broader as the 
excitation intensity increases. This indicates a stimulated emission, which could be 
separated into three phases according to the intensity used. The three possible phases 
are shown in Figure 87 and are based on Zhang‟s et al. study [368]. Firstly, the super-
linear increase of the emission intensity (I) indicates a spontaneous emission, the 
linear shows a stimulated emission, and the sub-linear shows a stimulated emission 
at very high excitation intensity (IEXC). The phase is estimated by calculating the 
exponential using Equation 61 
[369]
. 
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Equation 61 
       
  
where β is a constant and k is an exponential. According to Schmidt and Lischka 
[370]
, k varies between 1 and 2 for energies of excitonic transitions (i.e. linear and 
super-linear). For bandgap recombination k=2 
[371]
, and for free to bound and donor-
acceptor pair transitions k is smaller than unity 
[370]
. At high excitation intensity, 
electron-hole plasma emissions also occur showing k<1 
[372]
.  
 
 
Figure 87: Schematic example of the excitation and emitted intensity relation 
[368],[270]
. 
 
The relation of the excitation and emitted intensity of the un-doped film is plotted in 
Figure 88. The increasing relation indicated stimulated emission with sub-linear 
increase, and the exponential was estimated as k = 0.54. This suggested that the 
excitation intensity used was very high (1.49-14.87 MW/cm
2
) leading to saturation 
of the emission. This is consistent with a study on transparent substrates with 
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excitation intensity up to 480 kW/cm
2
 
[368]
. Therefore, for the current study it is not 
possible to specify the threshold intensity. The threshold intensity is useful to 
evaluate the optical quality of the film, which indicates high optical quality when the 
value is low 
[368]
. For ZnO the threshold intensity was reported as low as 35 kW/cm
2
 
[113]
, reduced to this value by using Al2O3 passivation layer. In order to specify the 
threshold intensity for future measurements, it is suggested to use lower 
magnification objective with high focal length. An example would be the use of 
LMU-5×-NUV with f=40 mm, that will result in intensity range of 23-232 kW/cm
2
. 
 
 
Figure 88: Excitation energy dependence of PL peaks for un-doped ZnO film grown 
at 200°C on glass. 
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and reduce the emission intensity. Those defects would be expected to exist even if 
the irradiation is reduced, although due to the low excitation energy their effect will 
be reduced. The other possibility of Auger recombination is rejected as no second 
radiative recombination at higher energy was observed.  
Figure 88 also shows the emission energy and FWHM of the peaks as the excitation 
intensity increases. The emission is linearly reduced in energy and in broadness as 
the excitation intensity increases. This indicates non-linear optics, which is a 
transitional phase of the linear optics (single electron-hole recombinations from 
excitons or free carriers) 
[373]
. The transition occurs for degenerate materials and for 
high excitation intensities, which is the case for the current measurements.   
Klingshirn studied the linear and nonlinear optics 
[372]
, in which the linear optics 
occur at low excitation intensities below 1 kW/cm
2
, resulting in recombination types 
such as bound excitons (~3.35-3.37 eV at < 70 K 
[100]
), and recombinations between 
excitons and free carriers. The non-linear optics occurred at intermediate and high 
intensities in the range of 10
3
-10
6
 W/cm
2
. At intermediate level, the excitons 
scattered elastically and inelastically with each other due to the extra energy obtained 
(~3.32 eV at low temperature 
[17]
). At high excitation intensity, the excitons form a 
different phase, the electron-hole plasma (EHP). This is a metallic state of the pairs 
formed when the exciton concentration reaches the Mott density. At that point, the 
excitons overlap with each other and Coulomb interaction is weakening 
[373]
. As a 
result, excitons lose their individual character as quasiparticles and change to EHP 
[113]
. The Mott density is reported by many studies at room temperature with values 
such as 3×10
17
 cm
˗3
 
[113]
, 5×10
17
 cm
˗3
 
[100]
, 1.5×10
18
 cm
˗3
 
[344]
, and 4×10
18
 cm
˗3
 
[17]
. 
The EHP emission for ZnO is usually observed at 3.14-3.15 eV 
[17],[374]
, and for ALD 
grown films is at 3.12-3.16 eV 
[107],[113]
.  
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The intensity used in the current experiments is at the maximum end of the non-
linear phase, suggesting that the emission observed is an EHP emission. In order to 
verify this, the exciton concentration is calculated using Equation 62 
[100]
.  
Equation 62 
   
     
      
 
where τ is the exciton lifetime (typically 300 ps for bulk ZnO), ħωEXC is the photons 
energy, and t is the film thickness. The calculated exciton concentration for the un-
doped film ranges from 8×10
19
 cm
-3
 to  8×10
20
 cm
-3
. The concentration is orders of 
magnitude higher than the Mott density suggesting EHP emission. Thus, the EHP 
will result in renormalisation of the bandgap (narrowing), and thus the further 
increase of the exciton concentration at higher intensity will lead to further reduction 
of the energy emission 
[113]
. In addition, the bandgap narrowing and the high 
excitation intensity will induce more recombination channels and hence the emission 
will become broader. This is consistent with the current data that showed increased 
FWHM and red-shift of the emission as the intensity increased. 
The lower intensity at 1.49 MW/cm
2
 is used for the rest of the measurements to limit 
the damage to the films at such high intensities. The emission is EHP for all the films 
presented (un-doped and doped ones), and the reference point of the optical gap is 
set at 3.21 eV (un-doped ZnO at 1.49 MW/cm
2
) in order to observe any shifts due to 
doping. 
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6.3.1.3 Low temperature measurements on ZnO films 
 
The temperature dependence measurements provide information about the thermally 
induced bandgap shifts and the activation energy of the thermal quenching. The 
results for the temperature at 83-293 K (-190°C until 20°C) are shown in Figure 89. 
 
 
Figure 89: Low temperature PL measurements for un-doped ZnO film grown at 
200°C on Si.  
 
The results show a reduction of the peak intensity and red-shift of the emission as the 
temperature increases. The reduction of the PL intensity is part of the temperature 
quenching, expressed by Equation 63 
[375]
. Figure 90 shows the experimental data in 
relation to this formula. 
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Equation 63 
       
  
      ( 
  
   
)
 
where A is a constant, kB is the Boltzman constant, I0 is the intensity at 0 K, and Eα 
is the activation energy in thermal quenching process. Eα is the energy required for 
the thermal escape of carriers from the ground state 
[376]
. Therefore, lower thermal 
quenching (higher Eα) implies decrease of the thermal escape to non-radiative 
recombination centres 
[377]
. The activation energies from thermal and negative 
thermal quenching are in the range of 10-70 meV for ZnO, which consists of the 
binding energy of excitons to defects, the exciton-binding energy itself and the LO-
phonon energy 
[61]
.  
From the resulted equation in Figure 90, the activation energy (Eα) is found at 
33.65 meV. Eα of un-doped ZnO was at 30 meV for deep level emissions 
[378]
, at 
61 meV for free exciton emission 
[379]
, at 53 meV for (D
0
X) transition 
[380]
, and at 
17 meV for NBE emission for films grown by ALD 
[381]
. Hence, the activation 
energy in the current films is higher than the ones reported in literature, indicating 
that more excitons are confined in the un-doped film. This could be related to neutral 
defects formed by intrinsic acceptors and free carriers. 
The shift to lower energy as temperature increases is related to the lattice distortions 
that cause changes in the position of the bands 
[382]
. As a result, the thermal energy 
within the lattice is increased and provides the electrons with higher energy to move. 
The increased electron mobility results to more populate energy states leading to 
thermally induced gap reduction. This is expressed by Varshni‟s formula (Equation 
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64) 
[383]
, which shows that the gap at high temperature has lower energy than the 
fundamental bandgap at near zero temperature. 
Equation 64 
            
   
   
 
 
where Eg (T) is the measured gap at a certain temperature T, Eg (0) is the gap value 
at 0 K (i.e. 3.44 eV [Z7]), α and β are constants. The constant α is in the order of 
10
˗4
 eVK
-1
 and β is proportional to Debye temperature (i.e. 305-1050 K) [384].  
 
 
Figure 90: Low temperature dependence of integral intensity for un-doped film 
grown at 200°C on Si. 
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Figure 91: Low temperature dependence of the peak position for un-doped ZnO film 
on Si substrate. 
 
The relationship between the emission energy to the temperature is shown in Figure 
91. The results show a reduction of the energy emission as the temperature increases 
up to 193 K when the trend is changing. Immediately above the transition point the 
emission energy is shown to be increased. The transition point around 200 K is 
consistent with literature for ZnO films 
[106],[385]
. The study 
[385]
 reported that carriers 
are randomly distributed before recombining at low temperatures, and as the 
temperature rises up to the transition point the carrier lifetime increases. In this case 
the carriers relax to lower localised states and recombine at lower energy. At 
temperatures beyond the critical point and up to 210 K, the carriers have enough 
energy to overcome the localisation states and recombine at higher energies 
[385]
. In 
the current films, the increased point is at 223 K, which is very close to the reported 
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value in 
[385]
. At higher temperatures, the carriers gain more thermal energy and can 
recombine at lower energy.  
 
6.3.1.4 Substrate effect on the PL signal 
 
In order to specify the substrate effect on the emission shifts, the un-doped ZnO film 
was measured at fixed excitation intensity on both Si and glass substrates as shown 
in Figure 92. For the Si substrate the intensity is much higher than the one for glass, 
as more PL signal is reflected from an opaque substrate such as the silicon wafer. 
The transparent substrate (glass) leads to penetration of the light through the sample 
and thus reduces the PL signal. The plots also show peak shifting between the two 
substrates, with the peak corresponding to Si at 3.24 eV and the one corresponding 
to glass at 3.21 eV (i.e. difference of 27 meV).  
The effect of the substrate thermal mismatch of Si and glass could cause changes in 
the bandgap due to strain. The main cause of extrinsic strain for thin films is the 
difference of thermal expansion coefficient between the film and the substrate. This 
is due to the cooling phase when the film is brought to room temperature after it was 
deposited at higher temperature, causing in-plane strain (i.e. thermal strain) in the 
film. The strain can alter the bandgap, with the tensile strain causing reduction of the 
emission energy and the compressive strain causing an increase in energy. 
The strain for each substrate and for the two different grain orientations identified for 
the current films is calculated using their thermal expansion coefficients. The 
thermal expansion coefficient is αa =4.31×10
˗6
 K
˗1
 and αc =2.49×10
˗6
 K
˗1
 for a-axis 
and c-axis respectively 
[72]. From the supplier‟s specifications, the single crystal Si 
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wafer has αSi =2.5×10
˗6
 K
˗1
 and the microscope glass slide has αGlass=9×10
˗6
 K
˗1
. The 
thermal strain is calculated using Equation 65 
[386]
 and the results are shown in Table 
12. The results show compressive strain for the glass substrates for both grains 
orientations. The c-axis oriented films on Si substrates show less compression 
compared to glass, and the a-axis films on Si substrates show tensile strain.   
Equation 65 
  
     ∫ (                )  
   
       
 
 
 
 
Figure 92: Substrate effect dependence of PL emission for un-doped ZnO film. 
400 600
0
5k
10k
15k
20k
25k
30k 383nm
P
L
 I
n
te
n
s
it
y
 (
a
.u
.)
Wavelength (nm)
 ZnO on Si
 ZnO on glass
386nm
Chapter 6                                                   Optical properties of ZnO and Zr-doped ZnO films 
 
210 
Table 12: Thermal strain on glass and Si substrates. 
Thermal strain (%) a-axis c-axis 
Microscope glass slides (1.2mm) -0.084 -0.117 
Si wafers 0.033 -0.0002 
 
The thermal in-plane strain is isotropic as it only depends on the thermal expansion 
coefficients 
[386]
. Thus, the out-of-plane strain (εo) could be calculated in relation to 
the in-plane strain (εi) by Equation 66 
[340]
, where C is the elastic stiffness of ZnO, 
with C13=105.1 GPa and C33=209.7 GPa 
[386]
. Due to its hexagonal structure the 
strains εxx and εyy are the same and equivalent to the thermal in-plane strain, while 
the εzz is equal to the out-of-plane strain. However, due to the dual orientation of the 
films both directions were taken into account for this theoretical model.  
Equation 66 
  
      
    
   
  
    
 
  
 
 
Figure 93:  a) Schematic diagram of the CB and VB; b) VB sub-bands. 
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The total thermal mismatch is calculated using Equation 67, in relation to the thermal 
strain calculated earlier and the position of the highest VB sub-band. The VB has 
symmetry Γ7 (band edge) and consists of three sub-bands due to spin by the 
hexagonal crystal field 
[17]
 as shown by the schematic in Figure 93. The sub-bands 
are named as A, B and C, with symmetries Γ7, Γ9 and Γ7 respectively. The shift 
between A and B is the energy difference due to spin orbital splitting (Δso) and 
between B and C is the difference by the crystal field splitting. The spin orbital 
splitting denotes that A and B correspond to heavily and light hole bands 
respectively 
[78]
.   
Equation 67 
          
  
 
 
(
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√(    (
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   (
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where Δcf is the crystal field splitting equal to 54 meV and Δso is the spin orbital 
splitting equal to -3.5 meV 
[387]. The δ constants can be calculated using Equation 68, 
with the deformation potentials being equal to C1=-2.66 eV, C2=2.82 eV, 
C3=-1.34 eV and C4=1.0 eV 
[388]
.   
Equation 68 
                     
                     
The calculations show ˗11.7 meV shift for the c-axis film on glass substrate, and as 
the grains orientation shifts to a-axis at the top layers of the film, the additional strain 
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is calculated at ˗8.4 meV (calculated as an interface with glass). For the Si substrates 
the total shift is calculated at 3.3 meV. Therefore, a total difference of 23.4 meV 
between the two substrates can be attributed to the thermal mismatch. Nevertheless, 
the experimental difference is found at 27 meV. This difference could be partially 
due to the error margin during calibration (±0.3 meV), and the strain differences 
between the interface of the c-axis and a-axis oriented grains. The thermal mismatch 
is very small, hence, both substrates are used for PL measurements. However, most 
of the analysis is carried out using glass substrates in order to be comparable with the 
transmittance and electrical measurements. 
 
6.3.2 PL on ZnO: Zr samples 
 
The PL measurements for Zr-doped ZnO films are shown in this section, and focus 
on the effect of doping and film thickness variation. Note that the dominant emission 
is an EHP for all the doped films, based on the exciton concentration showing an 
increase as doping increases (9.2×10
19
 cm
˗3
). For the thicker 4.8 at.% doped film the 
exciton concentration (2.92×10
19
 cm
˗3
) is again higher than the Mott density and thus 
shows an EHP emission.  
The results of different doped films on glass substrates are shown in Figure 94. The 
primary emission is shown to be reduced in intensity as doping increases, especially 
for films doped higher than 2.7 at.%. This is attributed to the carrier mobility 
reduction by increasing the doping level, leading to electron scattering and hence to 
the emission drop. In the UV region, it is shown two peaks separated by ~0.3 eV. 
Their exact energy is found after peak fitting a Lorenzian function and the data are 
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shown in Table 13. The deep-level emission is significantly low showing the 
passivation of the defects due to the high excitation intensity.  
 
 
Figure 94: Zr doping dependence of PL emission for films ~85 nm thick grown on 
glass substrates. 
 
The appearance of the two peaks at ~3.14 eV (395 nm) and ~3.5 eV (354 nm) 
suggests recombination between more than two different states, or is showing a 
phenomenon of peak separation. Peaks separation could occur either under magnetic 
fields causing Zeeman effects 
[389]
, or when measurements are carried out under low 
temperature (10 K) and different exciton recombinations are observed 
[17]
. However, 
the measurements presented here were at room temperature and without the 
influence of any external field (magnetic or electric). Therefore, the following 
discussion is examining firstly which of the two peaks is the dominant one 
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corresponding to the EHP emission, and then what is the reason of the second 
emission appearance.  
 
Table 13: Peak position of the high and low energy emissions for the ZnO: Zr films. 
Peak position (eV) 
High energy 
emission 
Low energy 
emission 
- 3.21 
- 3.24 
3.49 3.15 
3.52 3.14 
3.49 3.15 
3.50 3.14 
 
The films deposited on Si substrates (Figure 95) were tested in order to specify the 
dominant peak. The energy reduction of the dominant emission as the doping 
increases and the existence of two emissions suggest that their appearance is not 
affected by the substrate. Also, the highest intensity peak is the one with high energy 
emission. This comes in contrast to the data obtained for glass, hence, further tests 
were carried out.  
Measurements taken ten months apart on the same samples (glass) showed different 
dominant peak as shown in Figure 96. The initial scans show the high energy peak as 
the most dominant, while 10 months later the scans show the low energy peak as the 
dominant one. Several explanations were considered, including degradation over 
time. However, this explanation could be valid only if the electrical properties 
altered as well. This case was excluded after resistivity measurements were 
consistent with the initial measurements values.  
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Figure 95: Zr doping dependence of PL emission for films ~85 nm thick grown on Si 
substrates. 
 
  
Figure 96: PL stack comparison of the a) initial testing, b) after 10 months testing  
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Figure 97: Confocal hole dependence of PL emission for 250 nm thick film with 
4.8 at.% doping on Si wafer, using a) 40×-NUV lens, b) 15×-NUV lens. 
 
A confocal test was carried out to investigate further the changes in intensity. Figure 
97 shows the confocal test carried out for 250 nm thick film with 4.8 at.% Zr doping. 
Two different microscope objectives were used in order to compare the 
magnification effect on the changing of the confocal hole. The test shows that at 
smaller hole diameter the intensity is proportional to the diameter increase. At larger 
diameter (500 μm) the intensity is fixed as the hole is larger than the reflected beam 
diameter. With the LMU-15×-NUV lens and low confocal hole (100 μm) the high 
energy emission is shifted at higher energy, indicating that the reflected signal was 
out-of-focus and that the light passing through the hole was attenuated. The 
disappearance of the low energy emission suggests that its existence is relevant to 
the focus of the laser to the surface. 
A stage position test was also carried out using 100 μm confocal hole and LMU-15×-
NUV lens for Si and glass substrates (Figure 98). As the stage moved closer or 
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further from the focus point the high energy peak decreases in intensity. Therefore, 
the focus to the surface affects the intensity, and it is the cause of the difference 
between the scans shown in Figure 96. The high energy peak shows the highest 
intensity of both emissions. As a result, the high energy emission is considered as the 
dominant one corresponding to the EHP emission.  
 
 
Figure 98: Focus test of 250 nm thick films with 4.8 at.% Zr doping on a) Si and b) 
glass, with LMU-15×-NUV objective lenses, 100 μm confocal Hole and full 
excitation energy. 
 
The optical gap of the films is shown to be increased up to ~3.5 eV with doping. The 
increase occurs gradually up to 4.8 at.% doping, at which point it is slightly reduced 
possibly due to the reduction of the carrier density for the two heavily doped films. 
In order to confirm the origin of the high energy peak and define the recombination 
occurred for the low energy emission, the analysis in section 6.3.2.1 was carried out. 
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6.3.2.1 The PL peaks origin  
 
In order to identify if the peaks are induced by the high excitation intensity, the 
excitation intensity was altered for the 250 nm thick film with 4.8 at.% doping as 
shown in Figure 99. As the excitation intensity increases, both peaks are reduced in 
energy (Figure 100) and increased in intensity (Figure 101). When this intensity 
relation is applied to Equation 61, the exponential component k is ~0.5 for the higher 
energy peak. This is consistent with the un-doped film emission in part 6.3.1.2, thus 
it indicates that the high energy emission corresponds to an EHP emission (non-
linear optics). The lower energy peak follows an almost linear relation between the 
excitation intensity and the PL intensity signal, resulting in k=~0.91. The lower than 
unity exponential shows that the lower energy emission is not excitonic (i.e. should 
have been higher than 1).  
The trend similarity between the high energy emission and the un-doped emission 
supports that this is an EHP emission. This intensity increase rejects the possibility 
of having an EHP emission and an exciton-exciton emission observed at high 
excitation intensity. In this case, the EHP emission (3.14 eV) is expected to have 
lower energy than the exciton emission (3.18 eV) 
[390]
, and as the excitation intensity 
increases the EHP emission is expected to be amplified and the exciton emission to 
be reduced in intensity.  
The 250 nm thick film on Si substrate with 4.8 at.% doping was used for low 
temperature PL measurements as shown in Figure 102. The first observation is that 
the two peaks are still distinct at low temperatures. Also, the high energy peak is 
shown to increase more compared to the low energy peak. Therefore, again the low 
energy peak is shown to be induced at high energy conditions (thermal energy). 
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Figure 99: Excitation energy dependence of PL emission for ZnO films 250 nm thick 
doped with 4.8 at.% on glass substrate. 
 
 
Figure 100: Excitation energy dependence of PL peak position for ZnO films 250 nm 
thick doped with 4.8 at.% on glass substrate. 
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Figure 101: Excitation energy dependence of PL peak intensity for ZnO films 
250 nm thick doped with 4.8 at.% on glass substrate. 
 
 
Figure 102: Low temperature PL measurements by using nitrogen filled chamber, 
for ZnO films 250 nm thick doped with 4.8 at.% on Si wafer substrate. 
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Figure 103: Low temperature dependence of integral intensity for ZnO films 250 nm 
thick doped with 4.8 at.% on Si wafer substrate. 
 
The relation of the high energy emission intensity to the temperature is shown in 
Figure 103. By applying Equation 63, the thermal activation energy is calculated at 
15.7 meV, which is much smaller than the energy found for the un-doped film at 
33.65 meV. Therefore, the thermal quenching process is shown to be increased, 
indicating that fewer excitons are confined with Zr doping. This is in contrast to Mg 
doped ZnO films, where the activation energy was increased with doping (from 
17 meV to 48 meV), showing that the excitons were restrained by the potential 
differences induced by Mg doping 
[381]
.  
The peak position as temperature changed is shown in Figure 104. The trend shows 
an initial decrease up to the critical point and then increases up to 253 K before 
decrease again. This is similar to the un-doped film in section 6.3.1.3, showing that 
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with doping the carriers gain enough energy to overcome the localised states at 
higher temperature (255 K) compared to the un-doped film (223 K). This is expected 
due to the higher carrier density of the doped film, which led to more localised 
states.  
 
 
Figure 104: Temperature dependence of peak position for ZnO films 250 nm thick 
doped with 4.8 at.% on Si substrate. 
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and cannot recombine and emit photons. Therefore, the low energy emission is 
probably emerging from defect related recombinations. 
 
 
Figure 105: PL low energy emission peak area for ZnO films doped with 2.7-
9.1 at.% on glass 
 
The increase of irradiation was reported to induce more zinc vacancies, which act as 
intrinsic acceptors. Knutsen et al. 
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 observed electron density reduction at high 
irradiation in the order of MeV, showing that the cause could be the increase of zinc 
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more zinc vacancies acting as deep level acceptors increased the electron trapping 
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above the VBM 
[101]
. The emission is from the recombination of carries from the 
CBM to the VZn
0
 state, emitting photons at 3.02-3.14 eV 
[99],[101]
. The identification 
of the zinc vacancies related emissions for the doped films supports the formation of 
neutral defects at high doping concentration, as discussed in section 5.2.3. It is 
possible that the same defect related transition occurred in the un-doped films, but it 
was not identified due to its energy similarity to the EHP emission.  
The vacancies concentration as doping increases is reflected by the changes in PL 
peak area. Figure 105 shows those changes, with the 4.8 at.% film having the lowest 
area in comparison to 6.7-9.1a.t% doped films. This is consistent with the carrier 
density reduction at the heavier doped films, attributed to the neutralisation of the 
donors by the increased concentration of zinc vacancies. 
 
6.3.2.2 Thickness effect in the PL emissions 
 
For better understanding of the doping induced effects, different thickness films with 
4.8 at.% doping are shown in Figure 106. The results show the higher energy peak 
appearing for all films at approximately the same position (~3.5 eV). The lack of 
changes between the emissions energy of different oriented films suggests that the 
orientation in either c-axis (50 nm film) or a-axis (250 nm) does not affect the PL 
emissions. This is consistent with a study suggesting that the polarity of the crystals 
is negligible on the bandgap narrowing 
[391]
. The peak intensity increase for the 
thicker films is due to the higher carrier density that allows more recombination 
channels.  
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Figure 106: Thickness dependence of PL emission for ZnO films with 4.8 at.% 
doping on glass. 
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current measurements is comparable with the ones reporting that effect, it is not 
possible to cause it as the excitation source is not an ultra-pulse laser of a few ns 
[113],[255],[392]
. Therefore, the ASE is not the cause of the high energy emission.  
Hot electrons are created when a photon absorbed has not enough energy to excite an 
electron from the VB to the CB, and so when two such electrons collide a phonon is 
transferred from one electron to the other, with the one gaining the extra phonon be a 
hot electron 
[73]
. The hot electron has more than enough energy to reach the CBM, 
and so is excited at higher energy and emits photons of higher energy. Phonon 
exchanges that create the hot electrons can only occur in energy boost conditions, 
such as temperature increase or applied electric field 
[73]
. Therefore, in the current 
study it is unlikely of having hot electrons only in the doped films due to the fixed 
measurement conditions. To further support that, the high energy emission was 
observed at low temperatures and low irradiation. 
The bandgap shifts due to the lattice strain were calculated by applying the lattice 
strain values obtained by XRD in Equation 67. The results show that the VB 
downshifts by a maximum of 40 meV when doping was added to the films. The shift 
of ~350 meV is therefore one order of magnitude higher than the strain induced shift, 
suggesting that this is not the reason of the energy shift.  
The reduction of grain size by the addition of Zr
4+
 atoms can lead to size-quantized 
effect that can increase the bandgap due to the induced compressive strain 
[48],[393]
. 
However, broadening of the bandgap due to the quantum confinement is only 
observed for grains of a few Å diameters, which is much smaller than the current 
grains of 40-90 nm. The large grain size also rejects the possibility for band bending 
effects, in which a periodic potential is created in the large grain boundaries leading 
to optical transitions between tail states 
[386]
. The band filling effects are the most 
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likely cause for the optical gap increase, as discussed in the following section 
(6.3.2.4). 
 
6.3.2.4 Optical gap modification 
 
The band filling effects include the Burstein-Moss effect (BM) that increases the 
optical gap, and the generation of many body effects that cause narrowing (BGN) of 
the bandgap in degenerate films. In order to calculate the energy shifts by those 
effects, the effective mass for each film has to be first calculated, as it is directly 
related to the band structure changes by the increased number of carriers.  
The term effective mass used in this study refers to the particle mass when located at 
the CB minimum, and it is the relative mass to the true electron mass (m0) of 
9.10
9
×10
‒31
 kg 
[394]
. The value is never equal to m0 due to forces affecting electrons 
mobility, thus values are less than unity (e.g. 0.4 m0) 
[73]
. The effective mass 
represents the inverse of the band curvature, thus the larger the curvature the lower 
the effective mass. For example high number of electrons will require a flatter band 
in order to occupy more states and accelerate from the band minima/maxima. As a 
result, n-type doping will reduce the curvature of the CB (band is flatter) and so the 
effective mass will be increased relative to the carrier density increase 
[395]
. This 
deformation causes the CB to transform from a parabolic to a non-parabolic band. 
Therefore, the direct bandgap semiconductors are considered to have parabolic 
bands, but for wide bandgap degenerate semiconductors the CB is non-parabolic 
[395]
. The VB is considered parabolic in the n-type material as it is not affected by the 
high electron concentration 
[342]
. 
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Often the band model used for the calculation of band filling effects uses the 
assumption that both bands are parabolic (parabolic model). As a result, the effective 
mass (m*) equals the effective mass at the bottom of the parabolic CB (m0*) 
[395]
. 
The reported values of m0* in ZnO are between 0.24m0 and 0.48m0 
[17],[62],[346],[397].
 
The value of 0.28m0 is used as m0* in the current work, as it is the most popular 
value in many studies 
[17],[62],[84],[145],[364],[398]
. 
For the non-parabolic model the m* is calculated using Equation 69 
[395]
. The values 
for the current films are shown in Table 14. 
Equation 69 
     
 (      
  
  
    
    
 
 )
   
 
where αnp is the non-parabolicity parameter equal to 0.29 eV
‒1
 
[145], ħ is the reduced 
Planck constant (1.05×10
‒34
 Js 
[394]
), and ne is the carrier density obtained by the Hall 
effect measurements. Based on this relation, the m* is higher for the non-parabolic 
model in comparison to the parabolic model (m*= 0.28m0). Thus, BM shift is often 
overestimated when the parabolic model is used.  
 
Table 14: Calculated effective mass for each doped film using the non-parabolic m* 
model. 
Zr content (at. 
%) 
Effective mass m* 
(×m0) 
0 0.32 
1 0.33 
2.7 0.36 
4.8 0.38 
6.7 0.36 
9.1 0.35 
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Figure 107: Comparison of the estimated optical (parabolic and non-parabolic) and 
Hall effect measured carrier concentration. 
 
The modified effective mass can be applied to Drude model used for the 
spectrophotometer data analysis, in order to recalculate the carrier concentration. The 
carrier density measured by three different methods is shown in Figure 107, such as 
the Hall effect measurements (NH), the parabolic model (NP) and non-parabolic 
model (NNP) using the Drude model. For the parabolic model the m0
*
= 0.28m0 is 
applied and for the non-parabolic carriers the values from Table 14 are applied. The 
experimental data are shown to be closer to the parabolic carriers up to 1 at.% Zr, 
and at higher doping the carriers are much closer to the non-parabolic values. 
However, the carrier densities of 0-1 at.% are not identical to the predicted parabolic 
values, suggesting that it is not definite that the samples have parabolic bands. 
Therefore, due to the degeneracy of all the films it could be said that the CB in the 
un-doped and doped films can be considered as non-parabolic CB. 
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To evaluate the optical gap shift observed in transmittance and PL measurements as 
doping increases, a theoretical model is applied including BM and BGN effects for 
parabolic and non-parabolic CB. The BM shift is estimated using Equation 70 
[391]
, 
and the BGN using Equation 71 
[342]
. The shifts in relation to the un-doped film are 
shown in Figure 108 in comparison to the experimental shifts measured by PL and 
spectrophotometer. The error bars for the model are based on the range of the 
reported effective masses at the bottom of the CB (0.24m0 and 0.48m0). 
Equation 70 
     
  
   
       
    
Equation 71 
      
  
      
(
 
 
  )
   
 
where ε0 is the vacuum permittivity (8.85×10
‒12
 F m
-1
 
[394]), and εr is the dielectric 
constant of ZnO equal to 8.49 (unit-less) 
[340]
.  
The results show greater shift for the parabolic model, while the BM shift is higher 
than its combination with BGN shift. The experimental data by both methods fall 
within the range of the non-parabolic model having both BM and BGN effects. The 
1 at.% doped sample is now clearly specified of having a non-parabolic CB as it 
follows the same trend. The energy shift of that film is slightly lower than the range 
covered by the error bars, suggesting that the model is less accurate for small energy 
shifts. The plot confirms the overestimation of BM shifts when using parabolic 
model and when the BGN effect is not taken into account. Consequently, the high 
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energy emission in PL is shown to shift due to the Burstein-Moss effect and the 
bandgap renormalisation caused by the high carrier density.   
The optical gap increase is considered an advantage for optoelectronic devices as it 
wideners the transmittance range and improves the effectiveness of PVs by 
increasing the gap to the absorber material. Hence, the tuned optical gap of ~3.5 eV 
with Zr doping found in this study, in addition to the low resistivity in the order of 
10
-4
 Ω cm, provided an advantage towards the replacement of ITO with bandgap 
3.8 eV 
[399]
. The optical gap increase is consistent with Si doped ZnO films grown by 
ALD 
[400]
, which showed increase from 3.25 eV to 3.55 eV caused by BM effect.  
 
 
Figure 108: Optical gap difference between the doped and un-doped films as a 
function of carrier density, using parabolic and non-parabolic models for BM and 
BGN effects. 
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6.3.3 PL Conclusion  
 
Based on the analysis carried out for PL and transmittance data, the optical gap of 
the un-doped and doped ZnO films was determined. The use of theoretical models 
showed that the CB is non-parabolic for all the doped films and possibly for the un-
doped film, due to the high calculated effective mass that results in Drude model 
values consistent with the experimental carrier density. The models also showed that 
the optical gap increase observed as doping increased was due to Burstein-Moss 
effect and many-body effects. Those effects led to the optical gap increase due to the 
filling of the CB by the high number of carriers. The optical gap increased from 
3.21 eV for the un-doped film to a maximum of 3.52 eV for 4.8 at.% doped film.  
Regarding the PL emission, the main peak of the films originated from EHP 
recombination due to the high excitation intensity used and the high carrier density 
of the films. As doping increased (from 2.7 at.%), the EHP emission was blue-
shifted due to the band filling effects, and an additional emission with similar 
intensity was observed. The emission was attributed to recombinations between the 
CB and the neutral zinc vacancies defect state. Those defects were observed at high 
excitation intensity and high temperature. Also, VZn had higher concentration for the 
heavily doped films, which is consistent with the carrier density reduction for those 
films attributed to the formation of neutral defects.  
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Chapter 7 
Conclusion 
 
7.1 Main outcome 
 
Zr-doped ZnO thin films were deposited by ALD, in order to improve the n-type 
properties for TCO applications. The precursors used were diethylzinc and tetrakis-
ethylmethylamino zirconium as Zn and Zr sources respectively, along with H2O as 
the co-reactant. The lowest possible resistivity was targeted, hence, the growth 
temperature at 200°C was selected for all films after showing the lowest resistivity 
compared to higher temperatures, and also showed self-limiting growth within the 
ALD window. The resistivity reduction observed at this temperature was attributed 
to the high hydrogen concentration, which act as shallow donors. 
The effect in microstructure as the Zr doping increased was examined. It was found 
that doping suppressed the grain growth and so reduced the grain size due to 
segregation of Zr in the grain boundaries. This led to neutralisation of the donors at 
the boundaries, as zinc vacancies acting as intrinsic acceptors combined to them. 
Hence, the carrier mobility and carrier density reduced at high doping levels above 
the most effective doping of 4.8 at.% Zr. The existence of zinc vacancies was 
supported by a defect-related emission in photoluminescence at 3.14 eV (395 nm), 
occurring from the recombination between the CB and the neutral zinc vacancies 
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defect state. This emission increased in intensity for the 6.7-9.1 at.% films indicating 
higher defect concentration. The minimum resistivity was found at 4.8 at.% Zr 
doping of 1.44×10
‒3
 Ω·cm and carrier density of 3.81×1020 cm‒3 for <100 nm film. 
This carrier density was almost four times greater than the un-doped film of 
1.0×10
20
 cm
‒3
, attributed to the extra carriers added for each Zr
4+
 substituting to 
Zn
2+
. The ionic state of zirconium and thus its incorporation to the lattice in all the 
doped samples was shown by its binding energy during the XPS measurements.  
The effect of degenerate doping showed band filling effects that caused increase of 
the optical gap from 3.21 eV of the un-doped film to 3.52 eV of the 4.8 at.% Zr-
doped film. Mathematical models were used to identify the effects, and showed that 
the net effect of the Burstein-Moss and many-body effects was consistent with the 
experimental optical gap shifts measured by absorption (spectrophotometer) and 
emission (photoluminescence) methods. From the same models it was shown that the 
CB was non-parabolic for the un-doped and doped films, as the high carrier density 
caused widening of the CB.  
The transparency was measured at high percentage with the normalised to the 
substrate values reaching up to 91% in the visible region (161 nm with 4.8 at.% 
doping) and 91% in the near IR region (50 nm with 4.8 at.% doping). The 
transparency was found at maximum for the most conductive films, as the larger 
optical gap induced reduction of absorption.  
The lowest point in resistivity was used to grow thicker films in order to reduce the 
interfacial, dislocation and grain boundary scattering and achieve even lower 
resistivity. The dislocation and grain boundary scattering were reduced since the 
grains were shown to be increased in size as the film thickness increased, possibly 
due to the deposition of the layers around the initial grains. As a result, the resistivity 
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recorded for the 250 nm thick film was at 7.5×10
‒4
 Ω·cm with carrier density of 
4.2×10
20
 cm
‒3
 and carrier mobility of 19.6 cm
2
V
‒1
s
-1
. The carrier density showed an 
increase as thickness increased, which was related to the strain effects as thickness 
increased. The strain can induce shifts in the distribution of the density of states and 
thus cause a shift of the conduction band to a lower energy level, leading to bandgap 
reduction. Hence, the increased tensile strain in the thicker films as the grains 
increased induced bandgap reduction that resulted in higher carrier concentration in 
the CB.  
The increased strain also induced changes in the preferred orientation. As the strain 
increased with thickness, the driven force shifted from being surface energy driven 
to strain energy driven. In the first case the system has low strain and so in order to 
reduce the total systems energy it forces the film to grow in an orientation with the 
minimum surface energy, which in the case of ZnO this is the (0002) direction in c-
axis. As the strain increased, the strain energy becomes the most dominant energy in 
the system and so to reduce the system energy a low strain energy orientation is 
preferred, which is the     ̅   in a-axis. Therefore, the current films showed c-axis 
oriented grains up to 70 nm thickness, and then the grains preferred growing in the a-
axis orientation. The shifting point changed with the doping level due to the different 
strain in the system.  
In conclusion, Zr-doped ZnO thin films were deposited by ALD with thickness 50-
250 nm and doping concentration of 0-9.1 at.% Zr. The controlled thickness can 
effectively control the carrier mobility and grains preferred orientation, while the Zr 
doping can control the carrier density, optical gap and transparency of the films. The 
low resistivity and high transparency obtained by doping the films with Zr atoms 
indicated that the films can find applications as TCOs grown on sodalime glass.  
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7.2 Future work 
 
In order to further understand the effect of Zr doping in the current films, a few more 
experiments are of interest to be carried out. One such experiment will be the use of 
QCM in order to determine the cause of the thickness reduction as more doping is 
added to the film. Its use can reveal the weight gain during each cycle and therefore 
it can determine which cycle offers lower than the expected weight gain due to 
nucleation issues (e.g. after the doping cycle or during the doping cycle).  
Another experiment could be the deposition of very thin films with different level of 
doping for XPS measurements. The thickness of such films will correspond to very 
thin crystallites based on the thickness to grains relationship established in the 
current work. The small crystallites will result in smoother surfaces, which will 
allow the quantitative element composition as the scattering of photoelectrons will 
be avoided.  
A different method for the composition of the films is the preparation of polished 
TEM samples for different doped films. Their use in the TEM will then allow EDS 
measurements that can reveal the composition of the films. This method of polished 
TEM samples could also reveal more information regarding the preferred orientation 
shift above 70 nm in thickness, and how the grains are formed at such thickness.  
An extensive study using high resolution Super-STEM will be also of interest in 
order to observe the lattice in atom resolution, which will allow determining the 
position of the dopants within the lattice and observing any defects created. This 
could support the case for the neutral defects formation at heavily doped films and 
show the uniformity of the deposited dopants across the film.  
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Another test that can be carried out using the current films, is the use of lower 
excitation intensity PL than the current work, in order to obtain more detailed defect 
related emissions (i.e. not passivated), and to determine the threshold intensity of the 
films. This can be done by using the lens LMU-5×-NUV with f=40 mm, which will 
result to the intensity range of 23-232 kW/cm
2
. 
In the case of depositing new samples using the same precursors, technique and 
depositing parameters, it would be of interest to use sapphire substrates in order to 
get more conductive films. Sapphire substrates are transparent and were reported to 
result in more conductive films compared to sodalime glass 
[34]
. The deposition of 
250 nm thick doped films at higher temperature (e.g. 275°C) will be also interesting 
in order to observe if the same effect of preferred orientation shift occurs similarly to 
the 200°C deposited films, and if this is the case identify the thickness shifting point. 
It will be also interesting if more dopants are used following the same deposition 
method in order to directly compare Zr-doped films with films such as Al-doped 
ZnO and Ga-doped ZnO. This could reveal how much the grain size is affected by Zr 
doping (i.e. reduced) compared to Al and Ga doping, determine if it is more 
conductive and more transparent, and also show if the optical gap increases as much 
as the current films (i.e. 0.3 eV increase).  
Last but not least, it would be of great interest to apply the current films in devices 
such as TCOs in thin film solar cells in order to measure their efficiency. In addition, 
due to their low growth temperature the films could be also grow on polymer 
substrates for flexible thin films photovoltaics.   
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